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Abstract

Dihydrofolate reductases (DHFR) are important, ubiquitous enzymes
catalyzing the hydride transfer from NADPH to dihydrofolate and producing the
tetrahydrofolate intermediate that is essential for many metabolic processes,
particularly for its role in DNA synthesis. R67 DHFR is a plasmid encoded enzyme
that confers resistance to the antibiotic drug trimethoprim. This enzyme is active as a
homotetramer. The active site pore possesses 222 symmetry as a result. This
symmetry gives rise to a different mechanism by which it binds its ligands. There are
potentially four symmetry related binding sites, but various studies have indicated
only three possible combinations that include: two dihydrofolate molecules or two
NADPH molecules or one substrate plus one cofactor. The latter is the productive
ternary complex. Further mutagenesis and crystallography studies have not yet
painted a clear picture of ligand binding. Thus, a thorough structure-activity
relationship study for R67 DFHR has been hindered. Therefore, binding studies were
pursued with the use of various analogs and fragments of cofactor and substrate to
provide a basis for protein-ligand interactions as well as ligand-ligand interactions.
Isothermal titration calorimetry was used as well as Ki studies. One of the goals was
to determine the role of any substituents involved in formation of the binary and
ternary complexes. In general, the tails of cofactor and substrate are important for
binding as they each possess negative charge for interacting with K32 near the outer
pore edge. The cofactor tail consists of the charged phosphate groups, adenine ring
v

and ribosyl moiety. The 2' phosphate group was shown to be important for binding as
well as the pyrophosphate bridge. The substrate tail consists of the charged pABAGlu moiety where glutamate's carboxylate groups are important for binding. For both
ligands, a large portion of the measured enthalpy of binding arose from these charged
groups as their removal resulted in reduced binding affinities. Thus, connectivity
effects are proposed to be important for ligand binding. The binding enthalpies
arising from these charged groups as well as from other parts of each ligand's
structure contributed to the preferred binding order between cofactor and substrate
where enthalpy/entropy compensation plots showed an enthalpy-driven binding for
the first site by the cofactor and for the second site by the substrate. In addition to the
tail, another important group involved in the formation of both complexes was the
carboxamide group off the nicotinamide ring head of cofactor and the analogous atom
arrangement at the pteridine ring's N3 and O4 positions of substrate. The O4 atom
was found particularly to be important for the formation of the productive ternary
complex. From this study, a picture has emerged for the role of symmetry in R67
DHFR in binding of its ligands.
The binding of ligands to an enzyme or the protein folding mechanism
involves a number of weak electrostatic types of forces. The cation-π interaction has
recently been included as a number of theoretical, experimental and biological
evidence was gained on this type of interaction between a cation and the π electron
cloud face of aromatic residues. The resulting quadrupole moment of an aromatic
ring, such as in benzene, gives rise to a density of partial negative charge above and
vi

below the ring plane. Arising from these calculations, an observation was noted on
the occurrence of a partial positive charge around the aromatic ring edge. Thus, a
question was asked if the ring edge of aromatic residues could interact with
negatively charged anions such as with carboxylate groups off glutamate and
aspartate residues in proteins. This type of interaction is termed an anion-quadrupole
interaction and thus was investigated by a quantum mechanical approach not only to
establish this effect but also to illustrate its importance in biology. The goal of the
quantum mechanical calculations was to set up a self-sufficient theoretical basis for
the anion-quadrupole effect. Calculations involved a simpler model for the aromaticcarboxylate group pairing in protein structures - the benzene-formate pair.
Calculations were also done using benzene with point charges to provide a reference
for the effect on the quadrupole moment of benzene by an approaching, charged
anion. The study showed that the anion-quadrupole effect was established for a
favorable edge on approach orientation and is the predominate, weak electrostatic
interaction with a distance dependency of 1/r3. Thus the anion-quadrupole effect was
similar for the electrostatic type of interaction as for cation-π, although not in
magnitude, but was different for the polarizability effects with benzene's π electron
cloud orbital.
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Chapter 1. R67 Dihydrofolate Reductase: A Structure and Function
Overview

General introduction to R67 Dihydrofolate Reductase (DHFR) and its ligands
An R-plasmid dihydrofolate reductase
Dihydrofolate reductase (DHFR) is a widely occurring and important enzyme
that catalyzes the transfer of a hydride ion from nicotinamide adenine dinucleotide
phosphate (NADPH) to dihydrofolate (DHF). The product, 5,6,7,8-tetrahydrofolate
(THF), is an important precursor in the formation of thymidylate, methionine, purine
nucleosides and other metabolites (1). This metabolic function is essential for the
survival of cells, thus inhibition of this enzyme arrests DNA synthesis and cell
division leading to cell death. DHFRs have been targeted for the treatment of various
cancers and bacterial infections (2).
In the treatment of cancers, an attractive prospect for targeting the
chromosomal DHFR enzyme is the use of antifolate drugs (3) because of the
extensive chemical and biological analyses done on folate metabolism, absorption,
and biosynthesis in humans (4). Studies on folate and some derivatives of this
molecule can be reviewed in publications by Blakley and Benkovic (5,6). The use of
folate derivatives is beneficial for the desired pharmacological properties of ‘leads’ in
the development of newer anti-cancer and bacterial drugs. One of the derivatives of
1

folate is methotrexate (MTX), having an NH2 substitution off the C4 group within the
pterin ring and a CH3 group off N10. Methotrexate became a widely used drug for
deterring the growth of rapidly dividing leukemia cancer cells by strongly inhibiting
the DHFR enzyme (4). MTX was a safer drug than its predecessor, aminopterin,
which only has the 4-amino substitution at C4. MTX acts as an effective competitive
inhibitor against the chromosomal enzyme yet strikingly its pteridine ring binds in the
substrate’s subsite pocket in a flipped orientation (7) disfavoring the optimal
alignment of the C6 atom to accept a hydride ion.
Arising from this study of antimetabolites eventually came trimethoprim
(TMP), a potent antibacterial compound. TMP was found to selectively inhibit the
chromosomal DHFR in bacteria. However, resistance to TMP arose in bacteria and
became a prevalent problem in nosocomial infections and recently in communityacquired infections (8). Of importance was how bacteria survived TMP inhibition of
their chromosomal DHFR. The mechanism for TMP resistance was typically a
mutation in the DHFR enzyme that resulted in altered affinities for the inhibitor. This
led to the discovery of several resistant-plasmid (R-plasmid) DHFR enzymes capable
of catalyzing the same reaction. Most of these plasmid-encoded enzymes were found
to possess sequence homology with the chromosomal enzyme. However, a particular
class of R-plasmid DHFR, type II, was found to have neither sequence nor structural
similarity (9,10).
R67 DHFR is classified as a type II, R-plasmid enzyme (11,12). With the
recent increase in TMP resistant strains, the enzyme was reclassified as dfrB (9). It
2

catalyzes the same hydride transfer reaction but at an approximately 200 fold lower
rate of catalysis compared to E. coli chromosomal DHFR. It is insensitive to
inhibition by TMP and also to MTX. R67 DHFR is a unique enzyme and
characterization of its ligand binding and catalysis mechanisms are the primary
studies in our lab.
Properties of the cofactor and substrate
R67 DHFR utilizes the beta epimer of reduced nicotinamide adenine
dinucleotide phosphate (β-NADPH) for catalyzing the hydride transfer reaction from
the C4 atom of the nicotinamide ring to the C6 atom in the pteridine ring of DHF.
The structures of these two compounds are shown in figure 1. The chromosomal
enzyme can also catalyze the hydride transfer reaction using folate as a substrate at
1/1000th the rate for DHF (13), but the reaction for R67 DHFR using folate is
negligible. Thus as folate is a poor substrate for R67 DHFR, it has been used in
biochemical and structural studies as a mimic for studying DHF binding.
\The cofactor, NADPH, possesses three charged phosphate groups, giving it a
net charge of -3. DHF possess two carboxylic groups at its glutamic acid ‘tail’ giving
it a net charge of -2. The cofactor is labeled herein with the nicotinamide ‘head’
referring to the nicotinamide ring and its ribosyl moiety. The adenine ‘tail’ refers to
the adenine and ribosyl moiety with the 2’ phosphate. The two linked phosphates
connecting these moieties are referred to as the pyrophosphate bridge. For DHF, the
pteridine ring refers to all atoms within the pteridine ring of DHF/folate and the para-

3

Figure 1. NADPH and folate molecule structures. The structure of DHF is similar to
folate except that its C7-N8 double bond is reduced. Nicotinamide mononucleotide
(NMNH) is the cofactor fragment that is used in docking studies (30). The hydrogen
atom that is transferred as a hydride ion in the R67 DHFR reaction is labeled in red.

4

aminobenzyl-glutamic acid moiety is referred to as the pABA-Glu ‘tail’.
NADPH is a common cofactor for oxidoreductases. The reactive center of the
molecule is in the nicotinamide ring at the C4 atom (labeled N4 in figure 1). NADPH
as well as NADH transfer a hydride ion resulting in oxidation of the nicotinamide
ring and a delocalized positive charge in the product NADP+ (or NAD+). The transfer
is usually stereospecific and can be either A-side or B-side. In addition, the geometry
of the rings are also important assuming either an anti or syn conformation upon
binding. These conformations are discussed in the section below on ligand binding to
R67 DHFR.
DHF and its oxidized form, folate, are more commonly found as a
polyglutamylated species. The addition of glutamates aids in retention of the more
negatively charged molecule in the cell (14). The reactive center occurs within the
pteridine ring at the C6 position. However, it is proposed that the carbon atom cannot
readily accept a hydride ion unless the N5 atom is initially or concomitantly
protonated. The N5 pKa (2.59, 15) is well below physiological pH conditions, not
allowing the free, protonated species to be present in a high concentration. What is
proposed then is that substrate binding in the hydrophobic subsite of E. coli
chromosomal DHFR, followed by the closure of the Met20 loop domain, may modify
the environment, perturbing the pKa for N5, followed by subsequent protonation
facilitated by the Asp 27 residue (16,17).

5

Structure of R67 DHFR
R67 DHFR was first crystallized as a dimer (18), but later found to be active
as a homotetramer having a molecular weight of 33,720 Da. The crystal structure of
the homotetramer was solved for both the apo form and bound folate forms (1VIE
and 1VIF in the protein databank respectively, 10). Difference Fourier maps revealed
four identical protomers arranged as a ‘doughnut’ shaped molecule with a hole in the
center. Figure 2 shows the structure of R67 DHFR. The wild type enzyme is
expressed as a monomer that is 78 amino acids long. In the crystal structure though,
the first 17 amino acids were removed as they were previously found to be disordered
in the dimer structure and have no effect on binding and catalysis (18,19). The
structure of each monomer consists of five anti-parallel β-strands connected by three
short loops and one 310-helix. The monomer-monomer interface is formed by an
intersubunit β -barrel between the second, third, and fourth β-strands of each
monomer (figure 2, panel D). These interactions primarily include hydrophobic
packing within the interior of the β -strands. This enzyme possesses one of the
smallest reported buried surfaces for a stable oligomer (10).
The homotetramer is formed by dimer-dimer contacts involving van der
Waals interactions between only a few residues. An important residue holding the
dimers together is H62 and its symmetry related partners. The association of the
protomers gives rise to a 222 symmetry element. Such an element means that a
residue such as H62 from one monomer, has symmetry related residues in the other

6

Figure 2. Structure of the R67 DHFR homotetramer. Panel A shows the Connolly
surface of the homotetramer where the z-axis traverses the pore. Panel B shows the
negative image of the active site rotated 90° on its y-axis compared to (A). This was
generated with a subroutine in DOCK called SPHGEN where each sphere point
corresponds to a possible atom position for docked ligands (30). Panels C and D are
the ribbon diagrams of R67 DHFR face on and rotated 90° along the y-axis
respectively. The subunits of the homotetramer are colored coded. The monomermonomer interface is formed along the x-axis (face view in panel D) and the dimerdimer interface is formed along the y-axis. The x-, y-, and z-axes are left/right,
up/down, and out of the paper plane respectively. The 222 symmetry element occurs
by rotating the homotetramer along the x-, y-, and z-axes by 180°.
7

four monomers – H162, H262, and H362 for example. Thus for brevity,
identification and/or mutation of one residue implies all four residues. pH titration
studies of H62 revealed a pH dependent two-dimer ÅÆ tetramer equilibrium using
fluorescence and NMR (20). These values were determined from model fitting using
the reaction:
(1)

where T and D are the tetrameric and dimeric forms of unprotonated R67 DHFR and
DHn is the protonated, dimeric form. Kd and Ka are the dissociation and ionization
constants respectively and best fit values yielded a Kd of 9.7 nM and a pKa of 6.77.
Fluorescence spectroscopy monitored a blue shift of the emission spectra for Trp38 at
the dimer-dimer interface upon titration of R67 DHFR as a function of pH. Also, the
ionization of H62 in R67 DHFR was monitored as a function of pH by NMR. Thus
R67 DHFR is tetrameric at pH ≥ 8 (20).
The R67 DHFR homotetramer forms a single active site pore that is 25 Å long
(Figure 2, panel B) (10). A cross section reveals the pore takes on an ‘hourglass’
shape. The symmetry element thus gives rise to an active site where each binding site
can accommodate either NADPH or DHF. Using a crystallographic approach, R67
DHFR has not been observed to have any major structural perturbations upon binding
folate. Using an NMR approach, addition of NADP+ to R67 DHFR in solution also
shows minimal changes upon binding (10,26). The unique sequence and structure of
R67 DHFR indicate an unusual strategy for binding cofactor and substrate.
8

Therefore, R67 DHFR is considered an unusual enzyme because it possesses a single
active site pore and appears to have no separate binding pockets for cofactor or
substrate.
The two structures of R67 DHFR and E. coli chromosomal DHFR provide
quite a contrast. The chromosomal enzyme is a monomeric protein with a molecular
weight of about 18,000 Da. It possesses an eight-stranded β-sheet core with four α
helices. This basic structure consists of two rigid subdomains separated by a hinge
region (7,21,22). It possesses distinctive subsites for NADPH and DHF binding with
a large enthalpic component through numerous protein-ligand contacts (22 and
references therein). Upon substrate binding, a structural shift occurs where the Met20
loop folds over the active site cleft (16,22). This facilitates solvent exclusion from
the active site where the hydride transfer reaction occurs. Conserved residues far
from the active site may play a role where motion is coupled to catalysis (22-24). As
a result, the structure-function relationship in the chromosomal enzyme is more
complex than that observed for R67 DHFR.

Ligand binding to R67 DHFR
Fluorescence anisotropy and isothermal titration calorimetry (ITC) studies
While the symmetry element predicts multiple complexes are possible, the
stoichiometry of ligand binding to R67 DHFR was determined by fluorescence
anisotropy and ITC techniques (figure 3). It was found that R67 DHFR can bind
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Figure 3. A model describing the stoichiometry of ligand binding in R67 DHFR. A
cartoon is shown describing how the ligands may bind and orient with respect to each
other within the active site pore of R67 DHFR. The blue points represent a reverse
image of the active site pore generated by DOCK (30). Panels A and C show a
cartoon for formation of non-productive complexes. Panel B shows the productive
ternary complex that would lead to catalysis. At the center of the pore, overlapping
of the nicotinamide and pteridine rings is proposed to occur.
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either two NADPH or two DHF/folate molecules (a non-productive complex) or one
NADPH plus one DHF/folate molecule (the productive ternary complex) (25). A
binding mechanism, using the observed Kd values, was determined from ITC studies
where NADPH preferentially bound first followed by DHF/folate (figure 4) (25).
It was further determined that interligand interactions occurred. NMR
NOESY spectra showed strong ILOEs (interligand Overhauser effects) between the
nicotinamide ring of cofactor and the pteridine ring of folate (26). The orientation of
the rings suggested that they stack and meet in the center of the pore. The tails of the
molecules lie in opposite ends of the pore (figure 3). These interligand interactions
lead to different cooperativity patterns that are supported by the ITC data (25). The
Kd1 for NADPH was 2.5 µΜ for the first site and Kd2 was 96 µM for the second site
(macroscopic values reported). The binding of NADPH thus exhibits negative
cooperativity. For folate binding, the stoichiometry also equals two and Kd1 is 120
µM and Kd2 is 36 µM. This ligand exhibits positive cooperativity. These
cooperativity patterns indicate the importance of interligand interactions in
determining a binding mechanism. Furthermore, positive cooperativity occurs during
formation of the productive ternary complex where folate binds to an R67·NADPH
complex with a Kd of 11 µM. These patterns of complex formation and interligand
interactions funnel the mechanism of binding and catalysis towards a preferred
pathway as outlined in figure 4 (25).
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Figure 4. Overall binding scheme as determined from ITC and fluorescence
anisotropy studies (25). Complexes in bold represent the preferred pathway leading
to catalysis.
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NMR and docking studies
R67 DHFR uses an alternative mechanism compared to E. coli chromosomal
DHFR for aligning the C6 atom of the pteridine ring with the C4 atom of the
nicotinamide ring for the hydride transfer reaction. Using the program DOCK and
constraints imposed by NMR data (26-29), the nicotinamide ring of nicotinamide
mononucleotide phosphate (NMNH) (figure 1) was predicted to stack on top of the
pteridine ring in the R67 DHFR·Fol I complex (26,30,31). The coordinates for bound
folate molecule #1 (Fol I) from the co-crystal structure were used because its si face
was in the correct orientation for accepting a hydride ion (10,30). This prediction is
consistent with an orientation that uses an endo transition state geometry (figure 5).
This geometry results in the nicotinamide ring in a stacked configuration on one side
of the pteridine ring face. In contrast is the orientation of NADPH and DHF in
chromosomal DHFR, where the distinct subsites for both molecules constrain the
orientation of the rings in an exo transition state geometry. This geometry results in
the edge of the nicotinamide ring facing the edge of the pteridine ring. The endo
transition state geometry has been calculated to be ~2-8 kcal more stable than the exo
geometry (32,33).
The observed stereochemistry for the R67 DHFR reaction is A-side (pro-R)
transfer (34-36). NMR studies on R67 DHFR and a related type II DHFR, RGB200,
were done (36,31). Transfer NOEs of NADP+ bound to both type II DHFRs showed
average torsion angles corresponding to a syn conformation about the nicotinamide-
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Figure 5. Proposed transition states for hydride transfer. The endo (left) vs. the exo
(right) geometry is shown. The hydride is transferred from C4 of the nicotinamide
ring to C6 of the pteridine ring. Atoms are colored as follows: carbon (green),
nitrogen (blue), oxygen (red), and hydrogen (white). The transition-state (TS)
structures used included only the dihydronicotinamde and pteridine rings. The
geometries are best described by a dihedral angle that is defined by the (C8AC6)pteridine-(C4-N1)nicotinamide atoms (figure 1). The endo geometry has a dihedral
angle of approximately 351° and the exo geometry has a dihedral angle of
approximately 218° (33).
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ribose glycosidic bond and to an anti conformation about the adenine-ribose
glycosidic bond (36). Using these conformations as constraints, docking led to a
model where the pyrophosphate bridge interacted with one K32 residue and the 2'
phosphate interacted with a symmetry related K32 residue in the same half pore (30).
As such, the half pore is filled. Therefore, substrate binding must occur in the other
side of the pore.
Site directed mutagenesis studies
Mutagenesis studies were used to determine the relative importance of
residues comprising the surface of the active site pore (figure 6). Residues in the
active site having minor to negligible effects include S65 near the center of the pore
and K33 that lies further away from K32. Additional residues studied where
conservative mutations had minor effects included Y46, T51, and V66.
Mutations at K32, Q67, I68 and Y69 were determined to have the most effect
on binding and catalysis. The structure of folate bound to R67 DHFR indicated
numerous contacts and van der Waals interactions with the pteridine ring and the
εNH2 group of Q67 (10). Q67 in fact forms hydrogen bonds with its symmetry
related partner and forms the 'ceiling' and 'floor' at the center of the active site (figure
6). V66 and I68, along with their symmetry partners, make up the rest of the
constricted portion of the hourglass shaped pore. An important interaction is
observed in the crystal structure where the O4 atom on folate is shown to be 3.07 Å
from the backbone -NH of I68 (10,30). On the edge of the pore lies K32, predicted
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Figure 6. Active site pore of R67 DHFR. Three orientations of the active site are
shown outlining the residues studied by mutagenesis. The panels on the left show the
ribbon and stick model and the panels on the right show the corresponding view as a
Connolly surface. Panels A and B show the face view (z-axis orientation). Panel C
and D show the monomer-monomer interface at the active site pore interior by taking
a slice through the y-axis or dimer-dimer interface. Panel E and F show the dimerdimer interface at the active site pore interior by taking a slice through the x-axis or
monomer-monomer interface. Residues in the active site are colored as follows: K32
(dark blue), K33 (light blue), Y46 (purple), T51 (pink), S65 (brick red), V66
(yellow), Q67 (orange), I68 (green), and Y69 (red).
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from docking studies to make ionic interactions with the pyrophosphate and 2’
phosphate groups of NADPH as well as the pABA-Glu tail of folate. Y69 is also
believed to use edgewise interactions from its phenol ring with cofactor and substrate
based on mutants and their activity (30).
Mutagenesis with the homotetramer provided some insight into the role of
residues comprising the active site. Data analysis, though, was complicated by the
cumulative effects of the four symmetry related mutations. For some of the key
residues studied, an alternative strategy was pursued to incorporate asymmetric
mutations into the R67 DHFR enzyme. This involved the use of a quadruplicated
gene product, an in-frame quadruplication of the R67 DHFR gene, which covalently
links the monomeric units and expresses a protein product four times the molecular
weight of the R67 DHFR monomer. This “quad product” used for the asymmetrical
mutagenesis studies has similar kinetic and ligand binding properties to the wild type
enzyme (37). In Quad 3, the domains are labeled A, B, C, and D and correspond to
monomers A-D in the homotetramer. Residues are labeled by their respective gene
copy number; for example, Q67 and Q267 refer to the Q67 residue in gene copies 1
and 3 or in domains A and C respectively. Differences between earlier and later
Quad designs include restriction enzyme sites designed between each gene copy so
that separate gene cassettes will allow construction of mutants having one to four
mutations. Also, “topology switching” was an initial problem. The interface
corresponding to the dimer-dimer interface could potentially rearrange allowing
ABCD or ABDC topologies. To prevent this, a S59A mutation in gene copy one and
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an H362L mutation in gene copy four of the quad product were added. These
mutations complement each other as the S59A and H62L mutants do not form
homotetramers. Instead, active heterotetramers can form from 1:1 mixtures of the
mutants (38). The use of this quad product allowed construction of asymmetric
mutations and added to the mutagenesis studies in the homotetramer. The roles of
important residues (Q67, I68, K32, Y69) as well as their asymmetric mutants are
described below.
Q67 is important for forming contacts with both reactive rings of cofactor and
substrate. Binding studies on Q67H in homotetrameric R67 DHFR using ITC exhibit
100 fold tighter binding of both cofactor and substrate (39). In addition, substantial
substrate and cofactor inhibition is observed from kinetic studies and ligand
cooperativity is diminished. The Q67H mutation likely induces more favorable
contacts with the rings of DHF/folate and NADPH, thus tightening binding.
Asymmetric mutations were also constructed to study the role of Q67. The
various mutations introduced at Q67 in the quad product gave rise to six different
variants with either one, two, three, or all four Q67H mutations (40). For the variants
having two mutations, three topology arrangements can exist; they can both occur
within one half of the pore, they can replace the ‘floor’/’ceiling’ arrangement, or they
can occur ‘diagonal’ with respect to each other. The goal of these mutational studies
was to create a diverged active site that selectively bound one ligand over the other
and uncoupled formation of the non-productive complexes. Instead, effects on ligand
binding and catalysis were found to be nonlinear with respect to the number of Q67
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residues mutated (40). Either conformational changes were incurred or interligand
interactions were altered. Clearly, the effects on interligand interactions were more
prominent for the non-productive complexes while having little effect on the ternary
complex (40). Nevertheless, the same conclusion was made for the role of Q67 in the
homotetramer, which is to select for formation of the productive ternary complex by
diminished non-productive complex formation. For all the mutants of Q67 examined
though, the enthalpy of binding was maintained as a major component for the ternary
complex suggesting a strong role for enthalpy and catalytic function (40,41).
I68 and its symmetry related partners form the “right” and “left” sides of the
active site pore. The edges of the nicotinamide and pteridine rings are therefore
proposed to be adjacent to the I68 residues. The carboxamide moiety of NADPH and
the keto-oxo group of DHF/folate are proposed from docking to interact with the
backbone NH and O groups of I68 (10,30). Mutagenesis of I68 resulted in weakened
binding affinities for both cofactor and substrate (42). Kinetic studies also showed
that two mutants, I68M and I68L, had similar increased Km values for both ligands
compared to the wild type enzyme. These mutations likely work by altering the
position of residue68's backbone NH and O groups, which are important for ligand
binding. Interestingly, the backbone groups of two isoleucines in E. coli
chromosomal enzyme were observed to form hydrogen bonds with the 4-amino group
of MTX as well as contribute to a tighter Kd (43).
K32 lies at the outer edge of the pore and was predicted to form ionic
interactions with the charged moieties of NADPH and DHF. A DelPhi prediction of
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an electrostatic potential surface of R67 DHFR showed a large positive electrostatic
potential that could aid interaction with the negatively charged moieties of NADPH
and DHF/folate molecules (30, 44). K32 and K33 were the main residues
contributing to this surface potential and studies were initially done on
homotetrameric mutants to elucidate their roles in ligand binding and catalysis (44).
K33, which lies outside the pore, was studied using K33M mutants and found
to play a minor role in binding and catalysis based on steady state kinetics, ITC, and
fluorescence quenching experiments. However, construction of the K32M mutant in
the R67 DHFR homotetramer resulted in inactive, dimeric enzyme (44).
To study the role of K32 in binding and catalysis in the R67 DHFR
homotetramer, an indirect approach was used by studying kinetic and ITC binding
data in buffers of different ionic strengths. K32 and its symmetry partner in the same
half of the pore were proposed to form two ionic interactions with cofactor based on
docking. Experimental support for the model included log-log plots of kcat/Km vs.
ionic strength of buffer which gave a slope of two, as well as similar plots of log Kds
vs. log ionic strength obtained by fluorescence quenching and ITC. The slope of this
type of plot is commonly used to indicate the number of ionic interactions involved in
binding (44 and references therein). Similar results from salt effect studies with the
K33M mutant supported a predominant role for K32 in ligand binding.
Kinetic studies using NADH revealed a lower kcat/Km than for NADPH. The
only difference between the two molecules is the 2’ phosphate, thus the 2’ phosphate
is important for catalytic efficiency. Since the rate also increased as the ionic strength
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was increased for both NADH and NADPH, the pyrophosphate bridge was proposed
to form an ionic interaction in the ground state for NADPH binding (44). Salt effects
on DHF/folate binding with the homotetramer were only qualitative and indicate salt
sensitivity for folate binding to E•NADPH. Salt effects on kcat values (increasing kcat
vs. increasing ionic strength) were also observed, implicating K32 in catalysis as
well. Log-log plots of kcat vs. ionic strength gave a slope of one. Interestingly, going
from the ground state to the transition state seems correlated with a loss of one ionic
interaction (44).
Introduction of one to two asymmetric K32M mutations in the quad product
produced functional protein and provided more direct evidence for a role of K32 in
ionic interactions with NADPH and DHF (45). Since K32 lies at the outer pore edge,
one of the goals attained with the asymmetrical mutations was a divergent active site.
For example, the generation of K32M mutations in one half of the Quad3 enzyme
resulted in one half of the active site pore that possessed binding affinities similar to
wild type and the other (mutated) half possessed perturbed binding affinities. A
prediction from our binding model is that NADPH would bind first to the tightest
binding site, presumably the site with wild type K32 residues. DHF would then be
forced to bind at the other mutant site. Fluorescence quenching experiments
determined that this model was consistent with NADPH binding as Kd1 was only
slightly altered. Further kinetic studies as well as salt effects proposed that the loss of
an ionic interaction upon formation of the transition state occurred with the pABAGlu tail moiety of DHF. Two other double asymmetric mutants that had one K32M
21

substitution in each half pore, albeit at different positions, displayed similar kinetic
behavior, suggesting a tolerance for various positions of the pABA-Glu tail. This
correlated with the observed disorder of the tail in the crystal structure. It was
proposed that the tail was involved in solvent-separated ion pairs with both K32
residues. If this is the case, the ionic interaction is weak and would be easy to break
to reach the transition state (45).
Y69 was proposed to interact via its hydroxyl group on the phenol ring with
the substrate and cofactor based on docking (30). Mutagenesis studies in the
homotetramer revealed its role in catalysis and binding of both ligands (42). An
unusual result was the approximately two-fold increased kcat for Y69F mutants versus
wild type enzyme. Removing the hydroxyl on the phenol ring of tyrosine promotes
formation of the transition state but decreases the catalytic efficiency as both Km’s
also increased in the Y69F mutant. A further investigation using Y69F asymmetric
mutants in the quad product provided a more direct role for the hydroxyl interacting
with the cofactor and the phenol ring edge and hydroxyl interacting with the substrate
(46).
Residues Y46, T51, S65 and V66 were predicted to form potential contacts
with NADPH and DHF/folate based on docking. However, mutagenesis experiments
show they have minor influences on binding and catalysis. Interactions proposed
included the backbone O group of V66 interacting with the N5 of folate, the N7 of the
adenine ring of NADPH interacting with T51, and the hydroxyl group of S65
interacting with groups off the ribosyl moiety of NMNH/NADPH (30,41,42). For
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Y46, interactions with its hydroxyl group were predicted with the substrate if
additional scoring conformers were considered (42). Mutagenesis studies on these
residues using conservative substitutions generally resulted in active enzyme with a
similar rate of catalysis and binding affinities as wild type R67 DHFR.
The conclusion from the ligand binding and site directed mutagenesis studies
is that residues play a dual role and can be described by a “one site fits all” model
(30,41). In other words, residues comprising the binding surface in the active site of
R67 DHFR form a promiscuous binding surface that can accommodate both NADPH
and DHF/folate. This type of surface is amphipathic so that both polar and nonpolar
contacts are available for various types of interactions. How R67 DHFR utilizes such
a binding strategy is also tied into the symmetry element. The symmetry imposes
constraints (formation of non-productive complexes) yet at the same time it is
necessary for ground state binding.

A consensus for the catalytic mechanism of R67 DHFR
An emphasis on interligand cooperativity
The pattern of ligand binding relates to some aspects of the structure-function
studies in R67 DHFR. Crucial to R67 DHFR’s mechanistic strategy are the
interligand interactions between cofactor and substrate. In fact, a correlation has been
observed between the enthalpy of ternary complex formation and catalytic efficiency,
supporting the notion that R67 DHFR preorganizes its active site for these interligand
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contacts (41). How does R67 DHFR promote an optimal set of interactions between
the rings of two distinctive molecules that in turn leads to the most efficient route
towards traversing the energy barrier for hydride transfer? First, the rings meet in a
constricted central pore that provides an environment selective for the productive
ternary complex. The endo transition state geometry is used as it has the cheapest
energy barrier for its formation. Residues at the center of the pore also promote tight
interligand contacts by a negative selection against non-productive complexes while
residues at the outer edge of the pore interact with the charged and polar moieties of
the ligands. This promotes the correct ring orientation in the center of the active site
(figure 7).
Proton donor in the active site?
It has been proposed that the N5 atom in the pteridine ring likely is protonated
prior to or concomitantly with the hydride transfer step. pH profile studies in E. coli
chromosomal DHFR suggested a catalytic residue promoting protonation of the
substrate's N5 atom as observed by a pKa of 6.5 in a plot of log kcat vs. pH (43). Asp
27 was found to be critical for donating a proton to the substrate upon binding
because mutagenesis of Asp 27 to Asn or Ser in E. coli DHFR had a substantial effect
on kcat (43). How this protonation event occurs though is still under investigation,
because the Asp 27 carboxyl group is not in proximity to the N5 atom. On the
contrary, it forms hydrogen bonds with the 2-amino group and N3 of the pteridine
ring (43). Furthermore, the pKa of this carboxyl is normally too low to be protonated.
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Figure 7. Docked model for NADPH and DHF binding (30). Top scoring
conformations of docked NADPH and folate are shown in two views using the same
Connolly model for the active site of R67 DHFR as in figure 6, panels D and F.
NADPH and folate are shown as stick models where folate is represented with thinner
sticks. The atoms in the ligands are colored as follows: carbon (green), nitrogen
(blue), oxygen (red), phosphate (magenta), and hydrogen (white). Two slices of the
active site are shown and are the same as those in figure 6, panels D and F, showing
the monomer-monomer interface in the top panel and the dimer-dimer interface in the
bottom panel. The rings are predicted to overlap at the center. The tails are predicted
to interact with K32 and Y69 at symmetry related positions.
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One scientific group proposes the pKa of N5 (=2.59) is perturbed upon binding to 6.5
as determined from Raman spectroscopy (47). Protonation is proposed to occur with
Asp 27 acting on N5 via a water molecule while stabilization of the pKa shift on N5 is
accomplished by the electrostatic field from the holoenzyme (47). Alternatively, it
has been proposed that Asp 27 donates its proton to N3 causing a tautomerization at
the 4-keto group to an enol form and subsequent proton shuffling to N5 (43).
Mechanistic studies were done to assess if R67 DHFR possessed a proton
donor. pH profiles of R67 DHFR showed a decrease in activity at low pH
corresponding to loss of activity associated with dimer formation (48). To stabilize
the homotetramer at lower pH, a H62C mutant was constructed to covalently link the
tetramer together at all pH values. pH profiles of this mutant showed a linear increase
in rate as the assay pH decreased, suggesting that R67 DHFR does not have a residue
acting as a proton donor, rather it binds preprotonated substrate. The only potential
proton donor in the active site pore, Y69, did not show a titration up to pH 10 (48).
Further evidence in support of R67 DHFR having no proton donor are studies with
Raman spectroscopy and DHF bound to the R67 DHFR·NADP+ complex (49). The
pKa for N5 of bound DHF was less than 5, consistent with minimal to no perturbation
of its pKa.
The structure-function relationship
The proposed binding scheme of R67 DHFR and information on how the
cofactor and substrate potentially bind with respect to each other give rise to a
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different mechanistic approach to catalysis for R67 DHFR than for its chromosomal
counterpart in E. coli. A first difference is that the rate limiting step of R67 DHFR is
hydride transfer from pH 5-7 (48). In contrast, the rate limiting step in E. coli
chromosomal DHFR is release of the product tetrahydrofolate (THF), although at pH
9 it is hydride transfer (50). As mentioned before, these two enzymes use different
transition states. Finally, R67 DHFR needs to use activated, protonated substrate,
while chromosomal DHFR activates its bound substrate using the conserved Asp 27
residue. Because of these reasons, we conclude R67 DHFR is a primitive enzyme
(21). Also supporting this statement is the observation of nonproductive (2DHF or
2NADPH) complex formation.
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Chapter 2. Calorimetric Studies of Ligand Binding in R67
Dihydrofolate Reductase

This chapter is a slightly revised version of a manuscript by the same name submitted
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protonation effects data, (5) most of the data analysis and organization, (6)
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Abstract
R67 dihydrofolate reductase (DHFR) is a novel bacterial protein that
possesses 222 symmetry and a single active site pore. Although the 222 symmetry
implies that four symmetry related binding sites must exist for each substrate as well
as each cofactor, various studies indicate only two molecules bind. Three possible
combinations include: two dihydrofolate molecules or two NADPH molecules or one
substrate plus one cofactor. The latter is the productive ternary complex. To explore
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the role of various ligand substituents during binding, numerous analogs, inhibitors
and fragments of NADPH and/or folate were used in both isothermal titration
calorimetry (ITC) and Ki studies. Not surprisingly, as the length of the molecule is
shortened, affinity is lost, indicating ligand connectivity is important in binding. The
observed enthalpy change in ITC measurements arises from all components involved
in the binding process, including proton uptake. As a buffer dependence for binding
of folate was observed, this likely correlates with perturbation of the bound N3 pKa,
such that a neutral pteridine ring is preferred for pairwise interaction with the protein.
Of interest, there is no enthalpic signal for binding of folate fragments such as
dihydrobiopterin where the para-aminobenzoylglutamate tail has been removed,
pointing to the tail as providing most of the enthalpic signal. For binding of NADPH
and its analogs, the nicotinamide carboxamide is quite important.
Differences between binary (binding of two identical ligands) and
ternary complex formation are observed, indicating interligand pairing preferences.
For example, while aminopterin and methotrexate both form binary complexes, albeit
weakly, neither readily forms ternary complexes with cofactor. These observations
suggest a role for the O4 atom of folate in a pairing preference with NADPH, which
ultimately facilitates catalysis.

Introduction
The R67 DHFR enzyme
Dihydrofolate reductase (DHFR) catalyzes the transfer of a hydride ion from
nicotinamide adenine dinucleotide phosphate (NADPH) to dihydrofolate (DHF).
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The product, tetrahydrofolate (THF), is an essential cofactor in the biosynthesis of
thymidylate, methionine, purine nucleotides and other metabolites. Inhibition of this
enzyme arrests DNA synthesis and cell division leading to cell death, thus
chromosomal DHFRs have become targets for antifolate drugs in the treatment of
cancer as well as bacterial and parasitic infections (2,3). Trimethoprim (TMP) is a
clinically important inhibitor of bacterial DHFRs. R67 DHFR is a type II, R-plasmid
encoded enzyme, conferring resistance to TMP. Most plasmid-encoded DHFRs show
sequence homology with chromosomal DHFRs, however R67 DHFR possesses
neither sequence nor structural similarity with the chromosomal enzyme (9,10). A
recent review compares these two different DHFRs (22).
The crystal structures of apo R67 DHFR and of an R67 DHFR-folate complex
have been determined (1VIE and 1VIF in the protein data bank) (10). R67 DHFR is a
homotetramer. Each monomer is 78 amino acids long and forms a five-stranded βbarrel as seen in SH3 domains. As shown in Figure 1, the homotetramer possesses
222 symmetry and a single active site pore (25Å long) traverses the length of the
enzyme.
Going after a description of ligand binding
The symmetry associated with the structure results in multiple (up to four)
binding sites for cofactor and substrate. However, time-resolved fluorescence
anisotropy and isothermal titration calorimetry (ITC) studies have shown that only
two molecules bind concurrently in the active site (25). The permutations include:
two non-productive homoligand complexes (either two DHF or two NADPH
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Figure 1. A Connolly surface of the R67 DHFR structure. The monomers are labeled
A-D and are shown in different colors. The hole in the center of the structure
corresponds to the active site pore. The tetramer is a dimer of dimers. The monomermonomer pairs are colored magenta and red (left side of image) and green and blue
(right side of image). The dimer-dimer interfaces occur between the red and green
(or magenta and blue) subunits.
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molecules bind) or a productive ternary complex. For the latter, NADPH prefers to
bind first, followed by DHF binding to the other half of the pore. Thus R67 DHFR
appears to overcome the dilemma posed by its 222 symmetry by using a promiscuous
surface that accommodates numerous, different interactions during binding of its two
dissimilar ligands.
A model of the two-folate complex comes from the 1VIF co-crystal structure,
however this is limited to a description of the pteridine ring positions as electron
density is not observed for the para-aminobenzoylglutamate tails (10). A description
of the R67 DHFR•(NADPH)2 complex is not available, however the nicotinamide
rings must lie near each other as a transhydrogenase reaction has been noted between
bound reduced acetyl-pyridine adenine dinucleotide phosphate and NADP+ (31).
Information concerning the ternary complex comes from interligand NOEs
monitoring bound NADP+ and folate, consistent with overlap of the nicotinamide ring
of cofactor and the pteridine ring of folate (26). In addition, docking of nicotinamide
mononucleotide phosphate (NMNH) into R67 DHFR•Fol I (folate molecule #1 in
1VIF) using DOCK (27,28,29), predicts stacking of the reactive rings near the center
of the active site pore (30). This orientation is consistent with use of an endo
transition state geometry. In contrast, the E. coli chromosomal DHFR uses an exo
transition state geometry (33). The endo transition state has been calculated to be ~2
kcal more stable than the exo geometry (32,33).
A site directed mutagenesis approach to understanding the structure-function
relationship in R67 DHFR has identified the K32, Q67, I68, and Y69 residues as
having the most effect on binding and catalysis (39,41,44,51). In these studies,
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mutations affect binding of both NADPH and DHF to similar extents, consistent with
residues involved in binding cofactor also being important in binding substrate.
While a binding mechanism for R67 DHFR has been proposed, a good
description of protein-ligand interactions as well as an inventory of ligand-ligand
interactions is missing. In this study, we ask: Are any pKas perturbed during
binding? What atoms or groups are important in binding and provide anchoring to
the active site? How do multiple interactions contribute to binding and cooperativity?
Do the interactions work together to provide an orientation that leads to catalysis? A
structure-activity relationship approach was taken to probe how ligand alterations
affect both binary (homoligand) and ternary (heteroligand) complex formation.
DHFR inhibitors, alternate ligands and fragments were used to identify regions within
the ligand that facilitate binding and determine interligand cooperativity patterns.
Isothermal titration calorimetry was used to monitor binding and for those cases
where enthalpic signals were low, ligand solubility was an issue or ligand availability
was limited, Ki studies were performed.

Materials and methods
Protein purification
R67 DHFR was expressed in E. coli SK383 cells in TB media containing
200µg/ml ampicillin and 20µg/ml trimethoprim as previously described (19). Briefly,
ammonium sulfate precipitation and ion-exchange column chromatography were used
to purify the protein to homogeneity. Purified samples were dialyzed against
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distilled, deionized H2O and then lyophilized. Protein concentrations were
determined with a biuret assay (52).
Reagents
Cofactor analogs and fragments
NADPH was purchased from Alexis Chemicals. NADH, reduced
nicotinamide hypoxanthine dinucleotide phosphate (NHDPH), 2’monophosphoadenosine 5’-diphosphoribose (ATP-ribose; discontinued product),
adenosine 5’-diphosphoribose (ADP-ribose), and 2’,5’-diphosphoadenosine (2’,5’ADP) were obtained from Sigma-Aldrich. The oxidized forms of acetylpyridine
adenine dinucleotide phosphate (AcPADP+), thio-NADP+ and NMN+ were purchased
from Sigma-Aldrich. The corresponding reduced forms of these last three
compounds were generated using a 10-fold molar excess of NaCNBH3 in 2-5 ml
Tris·HCl (80 mM, pH 8.8) for 24 hrs at room temperature (4hrs for NMN+) (31,53).
The progress of the reaction was monitored by an increasing absorbance at 340 nm.
After reaction, 10 mM imidazole (pH 7.5) was added to dilute the Tris concentration
to 5-10 mM. Separation of the reduced species from any unreacted, oxidized form
used a 15 x 1.2 cm DEAE-fractogel (Supelco Toyopearl 650M) column equilibrated
in the imidazole buffer. The sample was eluted with a 0-0.5M KCl gradient in the
same buffer (0-0.2M for separation of NMN+/NMNH). Buffer and salt were removed
with an 85 x 1.5 cm P-2 column (BioRad) equilibrated in 10 mM NH4CO2 buffer at
pH 7.5. Reduced compounds were lyophilized prior to use and kept in the dark
whenever possible.
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Ligand concentrations were determined spectroscopically using the following
extinction coefficients: 6,230 L mol-1 cm-1 at 340 nm for NADPH and NADH (54);
6,220 L mol-1 cm-1 at 340 nm for NHDPH (55); 5,720 L mol-1 cm-1 at 338 nm for
NMNH (56); 9,100 L mol-1 cm-1 at 363 nm for AcPADPH (57); 15,300 L mol-1 cm-1
at 259 nm for ATP-ribose (58); and 11,300 L mol-1 cm-1 at 400 nm for thio-NADPH
(57).
Substrate analogs and fragments
Folate, methotrexate, and aminopterin were purchased from Sigma-Aldrich.
Biopterin, 10-methylfolate, 10-formyl folate, pteroyldi-γ-L-glutamate (PG2),
pteroylpenta-γ-L-glutamate (PG5), sepiapterin, 5,6,7,8-tetrahydrofolate and 7,8dihydrobiopterin were purchased from Schircks Laboratories. 7,8-Dihydrofolate was
obtained by the chemical reduction of folate and ascorbic acid as previously described
(59). Pteroic acid was purchased from Schircks and reduced to 7,8-dihydropteroic
acid (DHP) according to Prabhu et al. (60). NMR analysis confirmed formation of
the reduced species and the simultaneous disappearance of the oxidized compound.
2-Desamino-2-methyl-5,8-dideazafolate (DMDDF) was synthesized according to Li
et al. (26). The synthesis of 2-aza-2-desamino-N10-methyl-5,8-dideazafolic acid
(ADMDF), Nα-(5-deazapteroyl)-L-homocysteic acid (N5DHC), D,L-2-[N-(5deazapteroyl)amino]-4-phosphobutanoic acid (N5DAPB), (6R,6S)-Nα-(5-deaza5,6,7,8-tetrahydropteroyl)-L-homocysteic acid (THFAC), (6R,6S)-5,8,10-trideaza5,6,7,8-tetrahydropteroyl-L-glutamic acid (TDTHF), (2S)-2-[5-[N-(2-amino-4(3H)oxopyrido[2,3-d]pyrimidin-6-yl)methylamino[2,3-dihydro-1(3H)-oxoisoindol-236

yl]aminopentane-1,5-dioic acid (PT648), and Nα-pteroyl-L-ornithine (PT489) were
previously described (61,62,63,64,65). Nα-pteroyl-L-histidine was synthesized as per
Mao et al. (66).
Ligand concentrations were determined using the following extinction
coefficients: 8,600 L mol-1 cm-1 at 370 nm (pH13) for aminopterin (5); 21,000 L
mol-1 cm-1 at 291 nm for DMDDF (26); 25,600 L mol-1 cm-1 (pH 7) at 263 nm for 10formyl folate (67); 31,200 L mol-1 cm-1 (pH 7) at 290 nm for 5-methyl 5,6dihydrofolic acid (67); 24,900 L mol-1 cm-1 (pH 7) at 280 nm for 10-methyl folate
(67); 29,100 L mol-1 cm-1 at 297 nm (pH 7) for tetrahydrofolate (THF) (5); 27,000 L
mol-1 cm-1 at 297 nm (pH 7) for folate (68) as well as for pteroyldi-γ-L-glutamate and
pteroylpenta-γ-L-glutamate (69); 6,200 L mol-1 cm-1 at 330 nm (pH 7) for
dihydrobiopterin (70); 21,100 L mol-1 cm-1 at 254 nm (pH 13) for biopterin (5);
10,400 L mol -1 cm-1 at 281 nm (pH 1) for sepiapterin (70); 22,000 L mol-1 cm-1 at 278
nm (0.1N NaOH) for dihydropteroic acid (71); 8,800 L mol-1 cm-1 at 365 nm (0.1N
NaOH) for pteroic acid (67); 7,100 L mol-1 cm-1 at 370 nm (pH13) for methotrexate
(72); 24,800 L mol-1 cm-1 at 277 nm (pH 7.4) for N5DAPB (65); 23,900 L mol-1 cm-1
at 293 nm (pH 7.4) for N5DHC (65); 21,200 L mol-1 cm-1 at 273 nm (pH 7.4) for
THFAC (65); 24,300 L mol -1 cm-1 at 293 nm (pH 7.4) for ADMDF (62); 21,700 L
mol-1 cm-1 at 237 nm (0.1N NaOH) for TDTHF (63); 24,900 L mol-1 cm-1 at 284 nm
(0.1N NaOH) for PT489 (61); and 20,400 L mol-1 cm-1 at 297 nm (0.1N NaOH) for
PT648 (64). The Nα-pteroyl-L-histidine concentration was determined using the
same λmax and extinction coefficient as for folate.
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Isothermal titration calorimetry
Affinities, stoichiometries as well as ∆H values were determined for binding
of substrate and cofactor analogs using isothermal titration calorimetry (ITC) as
previously described (25). Measurements were performed on a VP-ITC
microcalorimeter from MicroCal interfaced to a Gateway PC for data acquisition and
analysis. Origin® v.5 scientific software was used to analyze the data. The design
and use of this instrument have been previously described (73). R67 DHFR
concentrations typically ranged between 100-150 µM in MTA buffer (50 mM MES,
100 mM Tris, 50 mM acetic acid, pH 8). Binary complex formation was monitored at
28°C and involved titration of ligand into the sample cell containing R67 DHFR.
Ternary complex formation experiments were carried out at 13°C to minimize
catalysis and typically involved titration of folate analogs into the sample cell, which
contained a 1:1 ratio of R67 DHFR to cofactor. When folate was titrated into a
mixture of R67 DHFR and the alternate cofactor, NADH, the protein:ligand ratio
used was 1:3. Experiments were performed at least in duplicate. Also, a reference
titration(s) was performed where ligand was titrated into buffer alone. Buffers used
for ITC were filtered and degassed prior to use. The pH values of the protein and
ligand solutions were checked and adjusted prior to each set of experiments using
aliquots of the same buffer having a pH of 4 or 12. The pH of the solutions was also
adjusted at the approximate experimental temperature.
In ITC, the enthalpic signal describes all the components involved in the
binding process, including any effects associated with proton release (or uptake). To
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determine whether proton release/uptake occurs, binding is performed in various
buffers, which possess different heats of ionization. If no proton release/uptake
occurs, the observed enthalpy value remains constant. However if binding is coupled
to perturbation of a pKa, such that proton release/uptake occurs, then the observed
enthalpy signal varies based on the following equation:
∆Hobserved = ∆Hbinding + n∆Hionization

(1)

where ∆Hobserved is the observed enthalpy change upon ligand binding to enzyme,
∆Hionization is the ionization enthalpy of the buffer (same pH and temperature), and n is
the number of protons transferred upon ligand binding (74). Therefore several ITC
titrations were performed using alternate buffers. The buffers used were 37 mM
K2HPO4, 100 mM HEPES with 62 mM NaCl, and a polybuffer consisting of 33 mM
succinic acid, 44 mM imidazole, and 44 mM diethanolamine (SID) (75). The same
pH and ionic strength (µ) were maintained as for the MTA buffer (pH 8.0, µ=0.1).
Heats of ionization of the buffers were determined in separate ITC experiments as per
Jelesarov and Bosshard (76). Briefly, a 5 mM solution of HCl was titrated into the
sample cell, which contained buffer. Five to six injections (5µl) allowed
measurement of an average enthalpy change (first injection not included). A control
titration was performed by titrating distilled, deionized H2O into buffer to correct for
the heat of dilution. The following enthalpy changes were measured at 13°C: MTA, 10.1 ± 0.2 kcal/mol; SID, -8.13 ± 0.01 kcal/mol; HEPES with NaCl, -4.45 ± 0.01
kcal/mol; and K2HPO4, -1.56 ± 0.02 kcal/mol at pH 8 and -2.4 ± 0.07 at pH 9.0.
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Inhibition kinetics
For those analogs that either had solubility problems or did not produce an
enthalpic signal in the ITC, Ki values were determined using either a λ3A or a λ35
spectrophotometer from Perkin-Elmer interfaced with a PC. Briefly, assays were
performed at 30°C in MTA polybuffer at pH 7 (75). Substrate (DHF) and cofactor
(NADPH) were added, followed by enzyme. In these assays, NADPH was held at a
saturating concentration (100µM) and the DHF concentration was varied. Five to six
different DHF concentrations were used to bracket the DHF Km value. Inhibition
data were then collected by repeating this process and using four to five
concentrations of the inhibitor that bracketed the Ki value. Data were collected at
least in duplicate. Kinetic rate data were initially graphed using a Lineweaver-Burke
plot to assess the type of inhibition present. All inhibitors were competitive and the
Ki was then estimated by plotting the slope of each line in a Lineweaver-Burke plot
versus the inhibitor concentration (77). Reported Ki values were obtained using a
nonlinear, global fit of all the data in SAS using the Michaelis-Menten equation
describing competitive inhibition (78). The macro for use in SAS is available on the
internet at http://animalscience.ag.utk.edu/faculty/saxton/software.htm.
Docking
DOCK v4.0 was used to identify potential ligands for R67 DHFR. This
program uses van der Waals interactions in its scoring and allows ligand flexibility
(27,28,29). The DOCK suite of programs was used to create a reverse image of the
active site described by sphere clusters, where each point is a putative atom position
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for docked ligands. A sphere cluster was generated for the apo enzyme with all waters
removed. A grid surface was calculated for the protein using a Lennard Jones 6-12
potential and a dielectric ratio of 4. Initial docking of a subset of compounds from
the Cambridge Structural Database (1998) used a shape scoring function and a
simultaneous search where all torsions are searched and minimized concurrently.
After identification of a series of potential ligands, anchor searching was then used
where docking of a rigid, anchor fragment is performed first, followed by stepwise rebuilding and docking of the rest of the molecule. High scoring molecules were then
evaluated based on commercial availability as well as obvious inhibition of R67
DHFR activity.

Results
On previous studies
Previous studies have found that two NADPH molecules bind to R67 DHFR,
with negative cooperativity. In contrast, two folate (or DHF) molecules bind with
positive cooperativity. Formation of a ternary complex upon addition of folate to a
1:1 mixture of R67 DHFR:NADPH utilizes the positive cooperativity between
cofactor and substrate (25). These patterns funnel binding towards the productive
NADPH•DHF complex and indicate interligand cooperativity is an important
component in R67 DHFR function. ITC and steady state kinetics, utilizing variants
and/or fragments of NADPH and DHF (see Figure 2), were used to investigate the
nature of ligand binding and interligand cooperativity patterns within the R41

Figure 2. Structures of the various ligands used in the binding studies. 7,8Dihydrofolate, 7,8-dihydropteroic acid and 7,8-dihydrobiopterin are reduced across
the C7-N8 bond. 5,6,7,8-Tetrahydrofolate and its analogs are also reduced across the
N5-C6 bond. In sepiapterin, the CHOH-CHOH-CH3 side-chain of biopterin is
replaced by CO-CHOH-CH3. Nα-pteroyl-L-histidine and Nα-pteroyl-L-ornithine
replace glutamate in the tail by histidine and ornithine, respectively. The acids are
drawn in their un-ionized forms, as they were originally named. In NHDPH, adenine
is replaced by hypoxanthine where the exocyclic NH2 is substituted by an oxygen.
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Figure 2. Continued
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Figure 2. Continued
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Figure 2. Continued
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plasmid encoded DHFR.
Isothermal titration calorimetry studies
Binary complex formation using cofactor analogs and fragments
The titration of reduced nicotinamide hypoxanthine dinucleotide phosphate
(NHDPH) into R67 DHFR is shown in Figure 3. The ITC data for the NADPH
analogs were initially fit to a model of sequential binding sites. In this model, the
stoichiometry must be provided and was set equal to 2. However, as the cofactor
species were varied, often the data were better fit by a single site (or set of sites)
model. For these cases, the “c value” (= [Ptotal] / Kd) for the second site was beyond
the suggested range (1-1000), indicating weak binding and difficulty in determining
this Kd with low error (73). Thus data for NADH, reduced acetyl pyridine adenine
dinucleotide phosphate (AcPADPH) and NADPH fragments, were fit to a single
site(s) model. The Kd values, binding stoichiometries and ∆H values associated with
binding of the various compounds are given in Table 1.
Binding of NADPH analogs was generally found to be highly variable.
NHDPH bound similarly to NADPH. Substitution of a sulfur atom into the
carboxamide moiety of the nicotinamide ring (thio-NADPH) weakens binding of the
first molecule by ~3-fold. A different modification of the carboxamide group in
reduced acetyl pyridine adenine dinucleotide phosphate (AcPADPH) weakens Kd1
33-fold. These analogs indicate the carboxamide group is strongly involved in
binding to the protein. Loss of the charged phosphate group at the 2’ position of the
adenine ribose of NADH weakens binding affinity by ~14-fold and supports a
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Figure 3. Titration of NADPH analogs into R67 DHFR as monitored by ITC. Panel
A shows the series of peaks generated from the heat liberated upon binding of NHDPH
as monitored by ITC. As the protein approaches saturation, less of each subsequent
addition is bound, so the peaks decrease in height. The protein concentration was 103
µM tetramer. Panel B shows the heat liberated per mol of titrant vs. the cofactor:protein
tetramer molar ratio. The smooth line shows the fit of the data to a two interacting sites
model displaying negative cooperativity. Best fit values for Kd and ∆H values are given
in Table 1. Note: due to mixing artifacts, the heat associated with the first peak in panel
A was not included in panel B or in the data analysis. Panel C shows the Qtotal (total
heat) titrations associated with several NADPH based ligands. Data for NADPH,
AcPADPH, ATP-ribose, ADP-ribose and 2’,5’–diphosphoadenosine are represented
by c, , , U and star points, respectively.
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Table 1. Dissociation constants and heats of enthalpy for binding of cofactor analogs
or fragments to R67 DHFR in MTA buffer, pH 8.0. Macroscopic Kd values are
reported. The relationship between microscopic binding constants and macroscopic
values is Kmacro = kmicro / 2 and Kmacro = 2 kmicro for the first and second binding
events, respectively.
Ligand
Dissociation
∆Hobserved
Stoichiometry
constant (µM)
(cal/mol)
a
NADPH
Kd1 2.5 ± 0.2
-8600 ± 200
1.6 ± 0.14 a
Kd2 96 ± 4.0

-5800 ± 2500

Nicotinamide
hypoxanthine
dinucleotide phosphate
reduced (NHDPH)

Kd1 2.0 ± 0.4

-6700 ± 110

Kd2 46 ± 4.9

-4200 ± 150

Thio-NADPH

Kd1 7.2 ± 0.4

-6900 ± 40

Kd2 78 ± 2.0

-6700 ± 100

Nicotinamide adenine
dinucleotide (NADH)

Kd1 34 ± 0.7

-11000 ± 100

1.1 ± 0.01 c

3-Acetylpyridine
adenine dinucleotide
phosphate reduced
(AcPADPH)

Kd1 83 ± 4.0

-2400 ± 80

0.94 ± 0.05 c

2’ Monophosphoadenosine 5’
diphosphoribose
(ATP-ribose)

Kd1 160 ± 6.0

-1700 ± 46

1.2 ± 0.028 c

Adenosine 5’
diphosphoribose
(ADP-ribose)

Kd1 280 ± 25

-1000 ± 59

1.6 ± 0.12 c

2’,5’ Diphosphoadenosine

Kd1 620 ± 93

+560 ± 180

2.1 ± 0.62 c

2b

2b

a

From Bradrick et al. (25).
Data fit to an interacting sites model, stoichiometry set equal to 2.
c
Data fit to a single site (or set of sites) model.
b
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role for the phosphate in binding (41,44,45). Titration of the oxidized species, thioNADP+ and AcPADP+, showed weak ITC signals and no evidence of saturation
indicating the oxidized species bind more weakly than the reduced species.
Preferential binding of the reduced species has also been seen for the NADPH and
NADP+ pair (25).
Not surprisingly, fragmentation of the cofactor reduces binding affinity. The
shapes of the binding curves for the NADPH fragments were hyperbolic rather than
sigmoidal, consistent with a better fit of the data to a single site or set of sites model.
Loss of the nicotinamide ring (in ATP-ribose) weakens binding 64-fold compared to
NADPH. The additional loss of phosphate and sugar groups in ADP-ribose and 2’5’diphosphoadenosine weakens binding 110 and 250-fold when compared to NADPH.
The enthalpic signal also gradually diminishes, with binding of 2’5’diphosphoadenosine being entropically driven. These trends are shown in Figure 3C
by plots of Qtotal (total heat) for this series of titrations. Titration of NMNH into R67
DHFR was performed, but no enthalpic signal was observed (using a syringe
concentration of 2.7 mM).
Binary complex formation using substrate analogs and fragments
The titration of 2-desamino-2-methyl-5,8-dideazafolate (DMDDF) into R67
DHFR is shown as figure 4. In general, the analogs of folate that displayed an ITC
signal exhibited positive cooperativity. This phenomenon has been observed
previously and a “hook” appears in the titration (25). Data fitting used a sequential
sites model. No cooperativity was observed in binding of the paraaminobenzoylglutamate tail of folate (pABA-Glu) and these data were fit to a
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Figure 4. Titration of 2-desamino-2-methyl-5,8-dideazafolate (DMDDF) into R67
DHFR. The top panel shows the injections, the bottom panel the integrated heat
associated with the titration. Protein concentration was 93µM. Best fit values are
listed in Table 2.
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single site (or set of sites) model.
Table 2 lists the results of ITC titrations for binding of folate analogs and the
pABA-Glu tail to R67 DHFR. For binding of aminopterin, substitution of O4 in
folate by an amine group does not greatly alter binding. From the DMDDF titrations,
the 2-desamino-2-methyl substitution as well as the substitution of N5 and N8 by
carbon reduce the Kd values by 4-7 fold, when compared to folate binding.
To explore the role of the glutamate tail in folate binding, polyglutamylated
folate was used as a ligand. Increasing the number of glutamic acids to two or five
with the use of pteroyldi-γ-L-glutamate and pteroylpenta-γ-L-glutamate had minimal
effects as Kd values changed by less than 2-fold. Addition of pABA-Glu as a ligand
results in greatly weakened binding, but an observable enthalpy change.
Binding of other folate analogs under binary complex conditions was explored by
ITC with limited success. While methotrexate (MTX) clearly bound, a weaker
interaction occurred, as saturation was not reached up to a 25:1 molar ratio of ligand
to protein. Also, an obvious titration occurred with 2-aza-2-desamino-N10-methyl5,8- dideazafolate (ADMDF), but was difficult to fit without constraints on the
stoichiometry and ∆H. A clear titration was observed using dihydropteroate, however
saturation was not reached, probably due to weaker binding and/or a more limited
solubility (syringe concentration of 2.6 mM). Unlike these analogs, no discernable
titrations were observed for 10-methyl folate, 10-formyl folate, dihydrobiopterin or
6(R,S)-5-methyl-5,6-dihydrofolic acid.
Finally, use of DOCK to identify alternate ligands that might bind R67 DHFR
identified novobiocin as a candidate. Novobiocin is an aminocoumarin drug that
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Table 2. Dissociation constants and heats of enthalpy for binding of substrate analogs
and fragments to R67 DHFR in MTA buffer, pH 8.0. Macroscopic Kd values are
reported.
Ligand
Dissociation
∆ Hobserved
Stoichiometry
constant (µM)
(cal/mol)
Folate
2
Kd1 120 ± 15
-1600 ± 270
Kd2 36 ± 3.6

-13000 ± 270

Kd1 240 ± 11

-5100 ± 90

Kd2 35 ± 1.1

-9200 ± 95

Kd1 460 ± 44

-4000 ± 360

Kd2 5.3 ± 0.47

-11000 ± 330

5,8-Dideaza-10-propargylfolate (CB3717) a

Kd 2.2 ± 0.2

-14500 ±1500

2

Pteroyldi-γ-L-glutamate

Kd1 76 ± 4.4

-3600 ± 30

2

Kd2 43 ± 1.4

-6900 ± 40

Aminopterin

2-Desamino-2-methyl-5,8dideazafolate (DMDDF)

Pteroylpenta-γ-L-glutamate Kd1 170 ± 9.4

p-Aminobenzoylglutamate
a

-3400 ± 90

Kd2 55 ± 1.9

-9400 ± 110

Kd 2000 ± 390

-100 ± 32

2

2

2

3.9 ± 1.4

From Bradrick et al. (25).
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inhibits bacterial type II topoisomerase DNA gyrase by competitively binding to its
ATP site (79,80); its structure is given in Figure 2. Using an ITC approach,
novobiocin was found to bind with a Kd of 120 ± 5.0 µM, a ∆H of –13,000 ± 360
kcal/mol and a stoichiometry of 1.8 ± 0.1.
Ternary complex formation
The above experiments probed the determinants involved in formation of the
nonproductive, homoligand complexes. In the studies described below, the
importance of ligand atoms in formation of heteroligand complexes such as the
substrate•cofactor pair was monitored. As folate is a poor substrate for R67 DHFR,
the question arises whether minimal reduction could occur during some of these
titrations. Our previous studies found kcat for folate reduction at pH 8 (20oC) to be
0.0036 min-1 (25). As the ITC titrations take 2-3 hrs, this low rate could still
contribute to some minimal level of catalysis. Thus, additional studies were
performed and two control points done within five minutes of each other at folate
concentrations of 1 and 200 µM were found to display the same relative position on
the titration curve as seen in the longer 2-3 hr dataset (25). This observation indicates
that any contribution of catalysis to the binding curve in R67 DHFR is minimal. As a
further precaution, titrations were done at 13oC to minimize catalysis.
The titration of pteroyldi-γ-L-glutamate (PG2) into a 1:1 mixture of R67
DHFR:NADPH is shown in figure 5. As Kd1 for NADPH is 2.5µM, the main species
expected in the calorimeter cell is R67 DHFR•NADPH when ~100µM concentrations
of both species are present. Addition of PG2 results in formation of the R67
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Figure 5. Titration of pteroyldi-γ-L-glutamate into R67 DHFR•NADPH. The top
panel shows the injections, the bottom panel the integrated heat associated with the
titration. The two titrations in the top panel describe the control injection of ligand
into buffer and the addition of ligand to R67 DHFR•NADPH, respectively. The
protein concentration was 146µM. Best fit values are listed in Table 3.
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DHFR•NADPH•PG2 complex. A single site model was used in fitting and Table 3
lists the values obtained in fitting.
When alternate cofactors are used to form the ternary complex, the largest
changes in Kd (7-fold) occur in the presence of thio-NADPH. Only 4-fold changes in
Kd are observed using NADH.
When folate analogs are titrated into R67 DHFR•NADPH, the largest Kd
changes (14-fold) occur using 10-formyl folate, suggesting that increasing the size of
the group off N10 weakens binding. Use of 10-methyl folate has an intermediate
effect. Addition of 1-4 additional glutamates to the folate tail does not alter the Kd
associated with ternary complex formation. Use of DMDDF shows ~10 fold tighter
binding to the R67 DHFR•NADPH complex while binding of ADMDF does not
show a significant change with respect to binding of folate.
Binding of fragments lacking the glutamate tail was also tested using ITC.
While titration with pteroic acid (339 µM syringe concentration) did not show a
signal, use of the reduced species, dihydropteroate (DHP), did. (DHP is a very poor
substrate and minimal catalysis occurs under these conditions, S. Chopra unpublished
results.) These different results are likely due to weaker binding of pteroic acid (see
Ki studies below) coupled with a lower concentration of the ligand in the syringe due
to a more limited solubility. While the glutamate tail is removed in DHP, a negative
charge still remains, albeit in a different position. Thus it is surprising that binding is
weakened only 5-fold (compared to the Kd value describing binding of DHF to R67
DHFR•NADP+ (25)) and a reasonable enthalpy change observed.
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Table 3. Dissociation constants and heats of enthalpy for binding of substrate analogs
to R67 DHFR•cofactor in MTA buffer, pH 8.0, 13oC. The ratio of cofactor to
enzyme was 1:1 except for NADH where the ratio was 3:1.
∆ Hobserved
Titration (Ligand in Syringe
Dissociation
Stoichiometry
into Cuvette Solution)
constant
(cal/mol)
(µM)
DHF into R67 DHFR•NADP+
4.8 ± 1.0
-11700 ± 300
1.22 ± 0.01 a
Folate into R67
DHFR•NADPH

11 ± 0.4

-8500 ± 500

0.87 ± 0.01 a

Folate into R67
DHFR•NADH

40 ± 1.4

-3900 ± 73

0.90 ± 0.02

Folate into R67 DHFR•thioNADPH

77 ± 3.0

-13000 ± 600

0.57 ± 0.06

Folate into R67
DHFR•AcPADPH

10 ± 0.3

-12000 ± 100

0.69 ± 0.01

10-Methyl folate into R67
DHFR•NADPH

45 ± 0.9

-6200 ± 65

0.8 ± 0.01

10-Formyl folate into R67
DHFR•NADPH

150 ± 5

-1300 ± 33

1.4 ± 0.02

Dihydropteroic acid into R67
DHFR•NADPH

25 ± 0.4

-6900 ± 50

1.1 ± 0.01

Pteroyldi-γ-L-glutamate into
R67 DHFR•NADPH

17 ± 0.4

-6600 ± 30

0.9 ± 0.005

Pteroylpenta-γ-L-glutamate
into R67 DHFR•NADPH

16 ± 0.2

-9200 ± 39

0.8 ± 0.004

2-Desamino-2-methyl-5,8dideazafolate into R67
DHFR•NADPH

1.3 ± 0.1

-7000 ± 27

1.2 ± 0.003

2-Aza-2-desamino-N1014 ± 0.4
methyl-5,8-dideazafolic acid
into R67 DHFR•NADPH
a
From Bradrick et al. (25), titration at 28oC.

-7800 ± 60

1.0 ± 0.007
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Binding of dihydrobiopterin lacking the pABA-Glu tail was also tested and no
isotherm was observed. Either it does not bind (tested by Ki studies, see below) or a
charged tail provides most of the enthalpic signal associated with binding. As the
syringe concentration was 3.2 mM for dihydrobiopterin, there doesn’t seem to be a
solubility problem.
Binding of other folate analogs to form the ternary complex was explored by
ITC, however aminopterin (up to 7 mM) and MTX (up to 19 mM) do not appear to
form a ternary complex. These results indicate a large role for O4 in folate/DHF in
binding to R67 DHFR•NADPH.
Is binding coupled to any protonation events?
The active site pore of R67 DHFR is large and accessible to solvent
(10,22,30), thus it was not clear whether any pKas would be perturbed. To examine
whether binding is accompanied by protonation, formation of the two NADPH, two
folate, the NADPH•folate or the NADP+•DHF complexes was monitored in various
buffers possessing different heats of ionization. No differences in ∆H associated with
formation of either the two NADPH complex or the R67 DHFR•NADP+•DHF
complex were observed in K2HPO4 and MTA buffers. However, the enthalpy change
associated with binding of folate to form either the two folate or the folate•NADPH
complex was found to vary with different buffers. Using equation 1, a plot of
∆Hobserved versus the buffer heat of ionization is linear and the slope yields the number
of protons taken up or released upon binding. The y-intercept gives the ∆H
associated with binding describing van der Waals, H-bonds, ionic interactions, etc.
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as well as a term describing the ∆H associated with protonation (76). Figure 6 shows
the plot associated with binding of folate to R67 DHFR•NADPH at pH 8.0. The
slope is 0.4 ± 0.05 and the ∆Hbinding value is -13.1 kcal/mol. The slope indicates that
protons are taken up upon binding (81).
Buffer dependent alteration in ∆Hobserved values could arise from either
titrations in the enzyme or ligand upon binding. As buffer dependent ∆H values were
not observed for binding of DHF in forming the NADP+•DHF complex, it seems
likely that a pKa difference between folate and DHF is associated with the difference
in buffer dependence. From NMR studies by Poe (82), a pKa of 8.38 was observed
and identified with titration of the N3 atom in the keto tautomer of folate (83). In
contrast, a pKa of 9.54 for this same protonation was observed for DHF (82) or more
recently a pKa of 10.8 by a different group (15). These observations suggest DHF
binds to R67 DHFR without proton uptake as its N3 pKa is higher than the pH in the
experiment (8.0). In contrast, folate likely binds to R67 DHFR with partial proton
uptake as its pKa is near the pH used in the experiment. In other words, as the slope
in Figure 4 is 0.4, 40% of the time, anionic (N3 deprotonated) folate will bind at pH
8.0 accompanied by proton uptake, while 60% of the time, neutral (N3 protonated)
folate will bind. To investigate this hypothesis, ITC titrations were also done in MTA
and K2HPO4 buffers at pH 9.0. At this higher pH, a greater slope of 0.9 ± 0.01 was
observed for a plot of ∆Hobserved versus ∆Hionization (Figure 6). Here 90% of the time,
binding of N3 deprotonated folate occurs, accompanied by proton uptake. These
various observations suggest the buffer dependent binding of folate arises from a
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Figure 6. Buffer effects associated with folate binding to R67 DHFR•NADPH. The
buffers utilized are phosphate, HEPES, SID, and MTA. Data at pH 8 are shown by
points and a solid line. Data at pH 9 are given by points and a dashed line.
Errors are smaller than the symbols, except for the HEPES point at pH 8.
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perturbation of the N3 pKa when bound to R67 DHFR. The basic (anionic) species
will carry a negative charge either at N3 in the keto tautomer or at O4 in the enol
tautomer (83). This hypothesis is consistent with the crystal structure of the two
folate complex (10) or the docked structure of the NMNH•folate complex (30),
where the N3 and O4 atoms occur at the hourglass center of the pore and access to
solvent is restricted.
Due to limited availability of other ligands, protonation effects using alternate
buffers were only pursued for N10-methyl folate. For this compound, two buffers
were used (MTH and K2HPO4) and a buffer sensitivity for the enthalpy change was
observed. The slope of a ∆Hobserved versus the buffer heat of ionization plot was 0.56
± 0.015 (data not shown). For other ligands, as NADPH addition was not
accompanied by buffer dependent effects, it seems likely that binding of cofactor
analogs also would not be affected. Further, a previous study of DHF bound to R67
DHFR found the N5 pKa to be <5 (49), consistent with minimal perturbation of this
pKa (normally ~2.59, (15)).
Steady state inhibition kinetics
Inhibition studies were pursued for several reasons. First, Ki studies are an
independent approach that allows assessment of binding strength. In general, the Ki
values obtained correlate with the Kd values observed by ITC. More importantly,
several folate analogs did not display an enthalpic signal in ITC titrations and Ki
determination allows assessment of binding strength for these ligands. Finally,
limited solubility and/or availability were an issue for some compounds and Ki
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studies only require a few mg of sample.
The inhibition of R67 DHFR activity by ADMDF is shown in figure 7. All
the compounds tested were competitive inhibitors and their respective Ki values are
listed in Table 4. The first section in the table reports Ki values for fragments of
folate/DHF. While an ITC approach did not show an enthalpic signal upon addition
of these fragments, they do bind to R67 DHFR. As the fragment size is decreased,
binding of oxidized species is weakened up to 8-fold compared to the folate Ki while
binding of reduced species is weakened up to 33-fold compared to the DHF ternary
complex Kd value (25).
The next section of the table investigates the effect of alternate tails on folate
binding. Addition of 1-4 glutamates (in PG2 and PG5) has a minimal effect. When
binding of Nα-pteroyl-L-histidine or Nα-pteroyl-L-ornithine is explored, slightly
weaker binding (< 2-fold) is observed, suggesting a tolerance for amino acid
sidechain substitution in the tail. Substitution of the glutamate tail by 4phosphonobutanoic acid also has a minimal effect (N5DAPB also contains a 5-deaza
substitution). The weakest binding involves PT648, an N5-deaza analog containing a
rotationally restricted glutamate tail, where the Ki is increased 3-fold. The lowest Ki
(6-fold smaller than for folate) describes binding of N5DHC where the glutamate tail
is replaced by homocysteic acid. This compound also has an N5-deaza substitution
and is quite similar to N5DAPB, so it is surprising that it displays tighter binding.
Perhaps the single (L) isomer for N5DHC (vs. a mixture of D,L isomers for
N5DAPB) binds more tightly.
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Figure 7. A representative Lineweaver Burke plot showing competitive inhibition of
R67 DHFR by 2-aza-2-desamino-N10-methyl-5,8-dideazafolic acid (ADMDF; at
saturating [NADPH]). Data points for no, 21µM, 42µM, 63µM, 84µM inhibitor are
given by , , , , and points respectively. The respective lines are given by
solid, long dashed, short dashed, dash-dot-dot and dash-dot lines.
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Table 4. Ki values for folate analogs and fragments exhibiting
competitive inhibition with respect to DHF.
Folate Analog/Fragment
Ki (µM)
Folate
20 ± 0.1a
Pteroic acid
62 ± 6.4
Dihydropteroic acid
27 ± 1.3
Sepiapterin
160 ± 15
Dihydrobiopterin
160 ± 18
PG5
28 ± 2.1
PG2
26 ± 1.9
37 ± 3.9
Nα-pteroyl-L-histidine
α
28 ± 2.2
N -pteroyl-L-ornithine
(2S)-2-[5-[N-(2-Amino-4(3H)-oxopyrido[2,3-d]pyrimidin- 65 ± 3.4
6-yl)methylamino[2,3-dihydro-1(3H)-oxoisoindol-2yl]aminopentane-1,5-dioic acid) (PT648)
Nα-(5-Deazapteroyl)-L-homocysteic acid (N5DHC)
3.1 ± 0.2
D,L-2-[N-(5-Deazapteroyl)amino]-4-phosphobutanoic
22 ± 1.1
acid (N5DAPB)
10-Methyl folate
67 ± 7.3
10-Formyl folate
>380
2-Desamino-2-methyl-5,8-dideazafolate (DMDDF)
4.0 ± 0.4
10
2-Aza-2-desamino-N -methyl-5,8-dideazafolic acid
37 ± 1.7
(ADMDF)
Aminopterin
>500
Methotrexate (MTX)
>500
6(R,S)-5-methyl-5,6-dihydrofolic acid
>530
Tetrahydrofolate (THF)
>400
>460
(6R,6S)-Nα-(5-Deaza-5,6,7,8-tetrahydropteroyl)-Lhomocysteic acid (THFAC)
(6R,6S)-5,8,10-Trideaza-5,6,7,8-tetrahydropteroyl-L>460
glutamic acid (TDTHF)
a
From Bradrick et al. (25); refit using SAS (78).
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The last section of the table contains miscellaneous compounds. Introduction
of a 10-methyl group into folate results in 3-fold weaker inhibition. While DMDDF
binds 5-fold more tightly than folate, numerous substitutions are present, making
interpretation of the basis of tighter binding difficult. ADMDF also has numerous
changes in the pteridine ring, yet binding is not greatly altered, suggesting a large
tolerance for substitutions at N5, C2, and on the C2 amino group, or alternatively, a
set of positive and negative effects that cancel out. Alterations could include
increased lipophilicity of the compounds, altered N3 pKa values, changed electronic
structure of the ring (pteridine to quinazoline), and loss of potential H-bond
acceptors/donors at N5, N8 and NA2.
A further observation is that the reduction state of the compound affects
binding, with the dihydro form interacting more tightly than the fully oxidized form.
This can be seen by comparing folate vs. DHF binding as well as pteroic acid vs.
DHP binding. Further, those compounds that are based on the tetrahydrofolate
scaffold show minimal inhibition with Ki values > 460 µM. For example, THFAC is
identical to N5-DHC except for the reduction state of the pteridine ring, yet there is
an ~150-fold difference in Ki values. When 400 µM tetrahydrofolate was tested as an
inhibitor, no change in the R67 DHFR reaction rate was observed.
Finally, several compounds showed no inhibition of the R67 DHFR reaction,
including aminopterin and MTX (up to 500 µM). 10-Formyl folate also did not
inhibit up to a concentration of 380 µM. 6(R,S)-5-methyl-5,6-dihydrofolic acid did
not inhibit up to 530 µM.
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Use of NMNH as an alternate cofactor
The question of whether NMNH binds to R67 DHFR arises as this ligand did
not provide a signal in our ITC experiments. To confirm an earlier report that NMNH
serves as an alternate cofactor (57), steady state kinetic analysis was performed where
the NMNH concentration was varied in the presence of a saturating DHF
concentration. A kcat of 0.13 ± 0.01 s-1 and a Km of 360 ± 50 µM were observed,
indicating 120 fold weaker binding and a 10 fold reduction in kcat. These values
compare well with those previously reported (57).

Discussion
Contribution to a description of ligand binding
Structure-activity relationships are a companion approach to site directed
mutagenesis studies to address how ligands bind. In our studies, alternate ligands
have been used to establish which are the important interactions between R67 DHFR
and substrate or cofactor. In addition, as the ITC monitors enthalpic contributions to
binding, we can begin to describe which ligand fragments are most important in
pairwise interactions.
What are the enthalpic contributions to binary complex binding?
Some interesting trends are found in ∆H vs. T∆S plots describing binding of
NADPH and folate analogs / fragments (Figure 8). For folate and its analogs, binding
of the second molecule is enthalpy driven (∆H2). In contrast, for NADPH and its
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Figure 8. Enthalpy-entropy compensation plots for formation of binary complexes.
Panel A shows a plot of T∆S versus ∆H for binding of various cofactor ligands to
R67 DHFR. For those ligands that were fit to an interacting site model, the first
binding site is represented by points and the second site by points. For those
ligands fit to a single site model, the data are shown as points. Binding of truncated
ligands is given by points. The NADP+ data point comes from Bradrick et al. (6).
Enthalpy driven binding occurs in the lower left quadrant, enthalpy/entropy driven
binding in the lower right quadrant and entropy driven binding in the upper right
quadrant. Panel B shows a plot of T∆S versus ∆H describing binding of various
substrate ligands to R67 DHFR. All ligands were fit to an interacting site model, and
the first binding site is represented by points and the second site by points.
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analogs, the enthalpic contribution for binding of the first molecule displays a more
negative value (∆H1) than for the second molecule (Table 1). These observations,
coupled with the respective Kd values in the binding scheme from Bradrick et al. (25),
continue to support a preferred binding pathway (NADPH first, followed by
folate/DHF), as well as suggesting that it is difficult for a single folate/DHF molecule
to bind well, as it prefers an interaction partner (either a second folate/DHF or a
previously bound NADPH).
A second observation from Figure 8 is that truncation of ligands results in
weaker binding as well as a smaller exothermic signal. For example, in the NADPH
series using ATP-ribose, ADP-ribose, and 2’,5’-ADP, the binding affinity is reduced
along with the enthalpic contribution to binding (Table 1). These observations
underscore the importance of ligand connectivity during binding. Previous studies on
connectivity describe how binding and/or catalysis utilizing the entire ligand are more
than the sum of its parts (84-86).
When binding of NADPH is compared with that of ATP-ribose, it is clear that
the nicotinamide ring contributes substantially to the binding enthalpy value.
Successive truncations to 2,5,-diphosphoadenosine further weaken binding. However
when only NMNH is used as a ligand, no enthalpic signal is observed. These
separate observations point to multiple interactions as well as ligand connectivity
being important to the overall ∆H and ∆G values. When AcPADPH binding is
compared to that of NADPH, much weaker binding is observed as well as large
effects on ∆H. This observation suggests one of the most important cofactor binding
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components is the amine in the carboxamide group off the nicotinamide ring.
As previous studies have identified two ionic interactions between NADPH
and R67 DHFR (44,45), binding of NADH was of interest. For NADH, which lacks
the 2’-phosphate group, weaker binding is observed, however it is difficult to
compare ∆H values as the data were fit to different models (two sites for NADPH,
single site for NADH).
When binary complex formation of DHF/folate analogs is considered, the
variation in Kd values is less than 7-fold (see Table 2). However several of the
ligands did not bind or provide an enthalpic signal. As a first example, removal of the
pABA-Glu tail (dihydrobiopterin), leads to loss of an ITC signal, suggesting that the
pABA-Glu tail provides a large contribution to the enthalpic interactions with the
protein. To test whether loss of the ITC signal is due to weaker binding, a second
technique, Ki determination, was utilized. When compared to the DHF ternary Kd
value, a 33-fold increase in Ki is observed as the negatively charged pABA-Glu tail is
removed. Therefore loss of the ITC signal appears to arise from effects on enthalpy
and most likely disruption of some type of ionic interaction (1/r distance relationship)
with the symmetry related K32 residues (44,45). This hypothesis is supported by the
observation that an isotherm for dihydropteroate binary complex formation was
clearly observed, although saturation was not obtained. This suggests a correlation
between the presence of a negative charge (albeit in a different position in DHP) and
the enthalpic signal.
A second surprise is that neither 10-methylfolate nor MTX readily formed a
binary complex with R67 DHFR, while aminopterin did. These observations

70

indicate a role for the N10 atom in formation of the two-folate complex. This result
contrasts with our previous finding that two 5,10-dideaza-10-propargylfolate
(CB3717) molecules bind tightly (25). Since the active site of R67 DHFR is large,
open and possesses an amphipathic surface, one possibility is some variability in how
the ligands bind so that varying substituents at N10 as well as N5 and N8 can have
nonadditive effects.
What are the enthalpic contributions to ternary complex binding?
From equation 1, binding can be coupled with proton uptake or release. Our
studies find coupled proton uptake upon folate binding to R67 DHFR•NADPH, but
not for DHF binding to R67 DHFR•NADP+. An increased proton uptake was found
when the ternary folate titrations were performed at pH 9 as compared to 8. As
discussed above, these observations suggest that as the N3 pKa for DHF is >9.5
(15,82), DHF is in the correct ionization state for binding at pH 8. However as the
N3 pKa for folate is 8.38 (82), not all the folate molecules are in the preferred
ionization state, therefore some coupled proton uptake occurs upon binding. At pH 9,
increased proton uptake occurs upon folate binding. This hypothesis indicates a
strong preference for an uncharged pteridine ring so that perturbation of the N3 pKa
in folate occurs upon binding to R67 DHFR. Again, this proposal is consistent with
the crystal structure of the two folate complex (10) as well as the docked structure of
the NMNH•folate complex (30), where the N3 and O4 atoms are predicted to form
H-bonds with the backbone NH and O atoms of I68. These proposed interactions are
shown in Figure 9A.
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Figure 9. A model of the ternary complex. Panel A depicts the position of bound
folate (residue D79 in 1VIF) and the top scoring NMNH conformer obtained from
DOCK (30). The color code is as follows: carbon atoms, green; nitrogen, blue;
oxygen, red; phosphorus, magenta; and hydrogen, white. Selected atoms, potential
H-bonds and their distances are shown. Symmetry related interactions with the
backbone NH and O atoms of I68 appear to serve dual roles in binding, allowing
pairing with the O4 atom of folate and the carboxamide group of cofactor. This
image possesses the same orientation as Figure 1 and magnifies the center of the pore.
Panel B shows the predicted position of docked NADPH as well as two conformers
(#1, #5) of docked folate (30). Here potential ionic interactions with symmetry
related K32 residues are predicted, both for the glutamate tail of folate as well as for
the pyrophosphate and 2’phosphate groups in NADPH. Stacking of the pteridine and
nicotinamide rings occurs in the center of the pore. This image is related to that of
Figure 1 by a 90o rotation along the y-axis.
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Can protonation effects be invoked to explain the different Kd’s for binding of
folate, DMDDF, and ADMDF to R67 DHFR, i.e. do the various substitutions in these
compounds affect the N3 pKa and thus the observed Kd at pH 8? The N3 pKa values
for folate, DMDDF and ADMDF were calculated using the rules of Perrin (87) as
well as the ACD/I-Lab Web service (see
http://www.acdlabs.com/products/phys_chem_lab/pka/batch.html). While the
calculated values are different from experimental values, a qualitative look at the
overall trend indicates the following for the N3 pKa series: folate < ADMDF <<
DMDDF. These calculations suggest that binding of folate and ADMDF may be
weaker than for DMDDF as binding of the first two ligands would be accompanied
by protonation effects. In contrast, the pKa for DMDDF is sufficiently high that
protonation effects would not be an issue. This hypothesis could also explain why the
N10-methyl substitution weakens binding. Poe observed an N3 pKa of 7.68 for N10methyl folate (vs. 8.38 for folate (82)). The slightly lower pKa would predict a
greater protonation effect involved with binding of N10-methyl folate vs. folate. This
behavior is observed in our plots of ∆Hobserved versus the buffer heat of ionization
where the slope for N10-methyl folate is 0.56 while that for folate binding is 0.4.
While this analysis only describes a set of five members (including DHF), it suggests
that substitutions at NA2 (amine off C2), C2, N5, N8 and N10 are well tolerated by
R67 DHFR and that indirect effects that alter the N3 pKa are more important to
binding.
A second observation is that neither aminopterin nor MTX form a ternary
complex. As aminopterin does form a binary complex, these altered binding
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patterns indicate binary complex binding must differ somewhat from ternary complex
binding. Possibilities include alteration of the exact position of the pteridine ring, or
different stacking of the pteridine-pteridine vs. pteridine-nicotinamide rings, or
perhaps flipping of the pteridine ring (as observed when bound MTX is compared to
bound folate in chromosomal DHFR, (7)). Also, since aminopterin differs from
folate by the substitution of an amino group for O4, the inability of aminopterin to
form a ternary complex supports a critical role for O4 in productive ternary complex
formation.
When the substrate series: folate/DHF → pteroic acid/DHP → DHB →
pABA-Glu is considered, we find ternary complex formation is weakened (Tables 34). The ∆H effects are more surprising as the enthalpic contribution is clearly
provided by the pABA-Glu tail. When it is removed, binding is weakened 33-fold
(Kd DHF vs. the Ki of DHB), and the enthalpic contribution of binding cannot be
measured by ITC. Further, binding of the pABA-Glu tail does display a small but
obvious enthalpic signal, coupled with very weak binding. Since most enthalpic
contributions arising from ionic interactions, H-bonds, etc. involve positioning of
pairwise interactions or counter charges such that increased rigidity occurs, it is
surprising that both crystallography (10) and NMR (26) studies find that the pABAGlu tail of bound folate is disordered. These various observations suggest that the ∆H
contribution associated with binding folate or DHF comes from a disordered segment
of the molecule. As ionic interactions have a 1/r distance relationship, perhaps
positioning the negatively charged tail between symmetry related K32 residues on
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one half of the pore allows an “average” binding mode that provides a sufficient
interaction enthalpy. Alternatively solvent separated ion pairs may be occurring to
minimize any desolvation penalty (88,89,90). This view is also supported by the
binding of DHP to R67 DHFR•NADPH, which displays an intermediate enthalpy
value, even though the position of the negative charge is different.
Use of alternate cofactors results in weaker binding of folate, indicating
interligand pairing preferences. While thio-NADPH addition had minimal effects on
binary complex formation, it showed a large effect on ternary complex formation,
weakening binding of folate by 7-fold. Also, while AcPADPH does not readily form
an enzyme•AcPADPH complex, once bound, it readily allows folate addition. These
observations point to both the amine and carbonyl moieties of the cofactor’s
carboxamide group being important in formation of the enzyme•cofactor complex as
well as stacking with folate.
Which atoms or groups are important in binding and provide anchoring to the active
site?
To summarize our ITC studies using NADPH analogs and fragments, an
important group involved in binding is the nicotinamide moiety, in particular the
amine in its carboxamide group. In addition, an effect for the 2’phosphate on the
ribose is observed. From our previous salt effects on binding, there is an additional
effect by the pyrophosphate group on binding (44,45). Finally, a strong preference
for a reduced nicotinamide ring was observed both in these results as well as previous
studies (25).
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For substrate binding, an important element is the reduction state of the
pteridine ring, with a strong preference for the dihydro form. In addition, the
preferred binding of the keto form (N3 protonated) of folate points to a strong role for
the N3 and/or O4 atoms. The inability of aminopterin to form a ternary complex
lends further support to a strong role for O4.
Considering both ITC and Ki results, we find a broad tolerance for
substitutions in the Glu sidechain of the folyl substrate. Substitution of either a
neutral (Nα-pteroyl-L-histidine) or a positively charged sidechain (Nα-pteroyl-Lornithine) does not greatly alter the Ki value. As the α-carboxylate group remains
invariant in these compounds, it likely is the group that interacts with nearby K32
residues. Alternatively, considering only a 3-fold decrease in inhibition by pteroic
acid, at least one negative charge is necessary for a pairwise interaction and some
tolerance exists with respect to placement of this charge. A similar pattern has been
observed when asymmetric single and double K32M mutations have been engineered
into a quadruplicated R67 DHFR gene product, i.e. various topologies of mutations
are tolerated and do not have as large effects as would be expected if a single
topology of bound DHF occurred (45).
Our docked complex model is displayed in Figure 9 to allow comparison with
these experimental results. The position of the bound pteridine ring of folate comes
from the 1VIF (two folate) structure (10) and the predicted positions of NMNH and
NADPH were obtained by docking (30). Using the docked NMNH structure, the
entire folate molecule was redocked to potentially gain additional information
concerning the tail position. Two predicted folate conformers are shown. These
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various docked structures generally agree with the binding results. In particular,
direct interactions with protein appear to provide the highest contribution to binding.
The two prime examples are the proposed H-bond between O4 of folate and the NH
backbone of I68 as well as the predicted H-bonds between the carboxamide of
NADPH with the backbone atoms of a symmetry related I68 residue. Indirect
interactions mediated through water (for example the carbonyl of V66 interacts
indirectly with N1 and N8 of folate via a water molecule) appear to correlate with a
broader binding tolerance. Panel 9B also depicts the potential interactions between
K32 and the phosphate groups of NADPH as well as the α-carboxylate group of
folate.
Acknowledgements
We thank an anonymous reviewer for suggesting a potential correlation
between the Kd for binding of folate analogs with the N3 pKa value.

78

Chapter 3: R67 DHFR: A rationale for structure activity
relationships in R67 DHFR

Generalized approach for SAR studies
Information contributed from the binding studies
R67 DHFR is a homotetramer that forms an active site pore possessing 222
symmetry. It utilizes this symmetry for binding its ligands, NADPH and DHF.
NADPH preferentially binds first, followed by DHF in the other half pore as
determined from previous ITC and fluorescence anisotropy data (25). Cooperativity
patterns indicate interligand interactions are important in binding. Mutagenesis
studies indicate the tails of NADPH and DHF are also important (44-46). The roles
for some side chains involved in ligand binding have been illuminated. However,
specific contributions and types of interactions, between the side chains of amino
acids and the substituents of the ligands, had yet to be pictured clearly. A goal of
chapter 3 on ligand binding to R67 DHFR was to illuminate some of the important
interactions between ligand and enzyme. This provides a better description of ligand
binding and is a step towards understanding the binding and catalytic mechanism of
R67 DHFR. More importantly, understanding of these structure-activity studies can
provide insight into inhibitor design.
The binding interactions in R67 DHFR are clearly different than those for E.
coli DHFR. One structure of the R67 enzyme was solved with bound folate (10).
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Since then, an R67 structure with bound NADP+ and folate has been obtained and is
currently being refined (Krahn and London, personal communication). These
structures provide information on how the ligands bind and allow a listing of proteinligand and ligand-ligand contacts. A companion approach is ligand binding studies.
The overall results of these various studies can then be used to design effective
inhibitors of R67 DHFR.
A picture of ligand binding
A generalized picture of the important groups or substituents in the ligands
comes from the ITC binding studies. In general, the tail regions of cofactor and
substrate molecules are important for binding. These interactions have previously
been proposed to include ionic interactions with K32, as observed from mutagenesis
studies and salt effects on binding and catalysis (44,45). The ITC binding studies also
show the importance of the charged tail for binding. The enthalpy of binding
correlates strongly with these proposed ionic interactions because removal or
fragmentation of groups possessing a negative charge result in reduced binding
enthalpies. In particular, the ITC binding data support the notion that the 2’
phosphate of NADPH is involved in an ionic interaction. The data also show that the
glutamate tail of substrate is important for binding. The charged groups of cofactor
and substrate contribute substantially to the measured binding enthalpy and thus are
deemed a requirement for tight binding to R67 DHFR.
The enthalpy of binding appears important in binding order. The preferential
order of binding shows this, especially for folate binding to the second site. The
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measured enthalpy, for binary complex formation with R67 DHFR, ranged from –
1600 to –5100 cal/mol for the first folate site and –6900 to –13000 cal /mol for the
second site. The range of measured enthalpies for binding of folate to R67·NADPH
to form the ternary complex was from –6200 to –9200 cal/mol. These values overlap
that for the second folate site. Clearly, binding of folate is facilitated by an
interacting partner already in the other half pore.
While the first part of the picture visualizes the important interactions between
the ligands' charged tails with symmetry related charged Lys residues near the outer
pore edge, the second part of the picture also shows the importance of a symmetry
element when the ligands meet in the center of the pore. The carboxamide group of
cofactor was shown to be important for binding. R67 DHFR apparently has a niche
near the center of the pore that recognizes this type of group. The spatial orientation
of the substrate's N3 and O4 atoms closely resembles the structure of the carboxamide
moiety. Both have been shown to be important in binding. Figure 1 depicts the data
that show how the symmetry element facilitates ligand binding. Ternary complex
formation uses two structurally distinct molecules that have common elements
(charged tails and (–N–C=O) groups) which utilize the protein's symmetry to form a
binding partnership in the active site.
Issues raised from the binding studies
A compilation of all the compounds studied so far only provides a partial
picture of ligand binding to R67 DHFR. Additional studies would provide more
information and refine the approach to inhibitor design. However, the first step
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Figure 1. The proposed ternary NADPH•folate complex bound to R67 dihydrofolate
reductase. The position of the pteridine ring of folate was initially obtained from the
1VIF crystal structure and that for NADPH from docking. Redocking of folate was
done to obtain a potential position for the tail. The NADPH molecule is shown at the
left and the position of the highest scoring docked folate molecule is shown at the
right. For simplicity, the protein is not shown. The color code for the atoms is:
carbon, green; nitrogen, blue; oxygen, red; phosphorus, magenta; and hydrogen,
white. Stacking of the nicotinamide and pteridine rings can be seen in the center of
the image. Those atoms where substitutions show the largest effect on binding are
enlarged and labeled.
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would be to resolve some issues with substrate binding that arise from the ITC
studies. One issue is to understand in more detail the role of the pKa of N3 in binding
of substrate and its analogs. Since our test set only involved five ligands, DHF,
folate, N-10methyl folate, DMDDF and ADMDF, more compounds that possessed
different N3 pKa values could be studied to test this correlation. A semilog plot of
pKa vs. Kd shows a weak linear correlation (figure 2). A next step to test the claim
that increased pKa values correlate to increased binding affinities would be to use
additional ligands with different N3 pKa values. The best approach would be to use a
series of compounds with a systematic substitution scheme such as with the series;
N5-deaza folate, N8-deaza folate, N5,N8-dideaza folate and the N2-aza folate
compounds.
Another issue is to understand the potential for R67 DHFR to have a
preferential binding surface for stereochemical structures. Thus further binding
studies could be done with DPPA using the R or S isomers. In addition,
complementary studies could be done using the D isomer of the glutamate tail of
folate as well as the D isomer for the N5DHC compound. Related studies would
focus on the binding of chemically modified folate such as ethylenediamine(EDA)folate(α or γ) that have the carboxylate groups substituted with neutral -NH2 groups
(91). This study can look at the effect of the γ- vs. the α-carboxylate group in
binding.
Ring lipophilicity could also be an issue in ligand binding. The use of
DMDDF and ADMDF gave a glimpse of the effect of N5 and N8 substitutions.
These ring positions are interesting as they possess changes that potentially
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Figure 2. Semilog plot of Kd vs. pKa. The plot shows calculated ( , from ACD/ILab web service) and measured ( , (72,82)) N3 pKa values for folate and some
analogs used.
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enhance binding affinity. The compounds used though have a number of different
substitutions making data interpretation difficult to dissect. Thus, binding studies
could also be done using the same series of compounds described for studying the
effect of the N3 pKa in ligand binding. The effect of each substitution on binding
could be evaluated with the change in the ring lipophilicity. This could be an
important factor for ligand binding interactions in the center of the pore.
Information on the binding of cofactor is limited by the available commercial
analogs, which have substitutions at the carboxamide group, the 2’ phosphate and the
adenine ring. Studies could also be extended to look at other positions in the
molecule contributing to binding. For one, the nicotinamide ring appears to
contribute a lot to binding. It is possible to make substitutions in the ring other than
at the carboxamide group position. Structures for some these documented analogs are
given in figure 3.
The use of β-CH2-triazofurin adenine dinucleotide (TAD) would be
interesting as it would compare the binding of a five-member ring vs. a six-member
ring structure to R67 DHFR. TAD was used in studies to inhibit the IMP
dehydrogenase, an enzyme controlling the overall rate of de novo guanine nucleotide
biosynthesis by catalyzing the oxidation of IMP (inosine 5'-monophosphate) to XMP
(xanthosine 5'-monophosphate) by the conversion of NAD+ to NADH (92). As TAD
is an analog of NADH, binding may be weakened to R67 DHFR because of the
missing 2' phosphate group.
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I

III

II

IV

Figure 3. General structures of some NADPH analogs with modifications at the
nicotinamide ring. Structures are given for compounds primarily having
modifications at the nicotinamide ring head. Compound I (TAD) has been described
by Kerr and Hedstrom (92) and has an additional methylene group between the
phosphates at the pyrophosphate bridge. Compound II has been described by
Alivisatos (93), compound III by Porter (94), and compound IV including variants of
the this structure by Grimshaw et al., Marchand et al. and Guerin et al. (95,96,97).
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Other structures that are given in figure 3 can provide more information on the
effects of other changes. The bicyclical ring structure IV in figure 3 is the result of a
covalent adduct formed between NADP+ and pyruvate by the inhibition of lactate
dehydrogenase with pyruvate (97). This structure could potentially form more
contacts with the enzyme as well as vary atoms off the C4 atom. The nonenzymic
reaction of AcPADP+ and pyruvate results in an adduct that does not undergo
cyclization (structure not shown) (97). Information on the binding contribution by
the nicotinamide ring head could be assessed in more detail by the use of these
compounds.
As the cofactor fragments provide a look at the important contribution of
enthalpy in binding, a small pool of cofactor analogs limits our understanding of how
cofactor groups contribute to binding. For example, cofactor analogs lacking the
pyrophosphate bridge would help identify the contribution of this moiety to binding.
The ribosyl groups may be important as well. Unfortunately, analogs of these types
of compounds do not appear to be available. When made available, these compounds
could be pursued to provide more details for cofactor binding.
The formation of binary complexes appears to use the enzyme's symmetry. It
would thus be advantageous to look at bisubstrate molecules that may also utilize this
symmetry upon binding. Such molecules have been used by other groups and involve
the dimerization of NAD(P). The NAD(P)2 compound can be dimerized by linking
the C4 atoms (or the C4 and C6 atoms) of two NADP+ molecules by one-electron
electrochemical reduction (98,99). This compound's structure maybe suited for R67
DHFR's active site. The heads of the nicotinamide rings are linked, which is similar
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to how two NADPH molecules bind. The dimerization of substrate could also be
useful but there appears to be no structures available. Utilizing bisubstrate analogs
would be another opportunity to look at the role of the symmetry element in binding
and might provide insight into inhibitor design as well. Another potential use would
be for crystallography studies.

Inhibitor design
Two general directions for an inhibitor design approach
With some idea of important groups necessary for tight binding, an inhibitor
design approach can be envisioned. Initial emphasis would focus on those
compounds that do bind tightly. These compounds would be effective competitive
inhibitors. The formation of a ternary complex also shows, in general, tighter affinity
than binary complexes. The inhibitor design would be best approached in two
general directions. The first direction would focus on already existing compounds
that mimic the structure of substrate. Structural mimics of the substrate are plentiful,
while cofactor analogs are less available. The second direction would begin to utilize
different structures of the substrate or the use of bisubstrate analogs.
A focus on the DMDDF structural scaffold
An initial drug design approach could go after the repertoire of folate
derivatives available. There is already a lot of information available for many of
these compounds including information on pharmacokinetic properties such as uptake
into the body, blood-brain barrier adsorption and body clearance. From the ITC
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binding studies, DMDDF would be a good candidate with which to start. Its Kd of
1.3 µM is the lowest measured for a ternary complex with the R67 DHFR enzyme.
Modifications to the DMDDF molecule to change the ring lipophilicity or add
groups off the ring for forming hydrogen bonds may enhance the binding affinity
towards a Kd value in the nM concentration range. It is particularly interesting to
look at N5 and N8 substitutions as well as groups off these ring atoms for their effect
on binding affinity. Addition of groups off N5 may be sterically unfavorable as
shown by the observed weaker binding of 6(R,S)-5-methyl-5,6-dihydrofolic acid.
An additional approach would focus on improving the ligand-enzyme contacts
at the substrate tail. What is interesting for a rational design approach is that the
enzyme appears to tolerate varied groups and structures at the tail. The Ki studies
with folate analogs possessing different tails paints a picture of the R67 DHFR
enzyme possessing an active site surface capable of forming various contacts with
some degree of affinity. This capability of the enzyme, though, is not restricted to its
outer pore edge. The binding of novobiocin is an example of a completely different
molecule structure that binds to R67 DHFR, but it possesses no charge. As it likely
does not interact with K32 (or K33), it probably binds differently. Therefore, R67
DHFR can bind various structures in and around the outer edge of its active site pore.
The approach to redesigning the tail, though, would have to look initially at
the charge issue. What is already known is that increasing the number of charges at
the tail does not increase binding affinity. However, it may be possible to achieve an
increase in binding affinity by increasing the carbon chain length of the Glu moiety.
Docking studies on the tail have shown either the α- or γ-carboxylate group in close

89

contact with one K32 residue but not both. There is also the possibility of a solvent
separated ion pair occurring (44 and references therein). The binding of
dihydropteroate seems to support this theory. The binding enthalpy is reduced for
DHP but still measurable by ITC. The single carboxylate group in this molecule has
a shorter distance to the pteridine ring compared to the α-carboxylate group’s
distance to the pteridine ring in folate. Thus, an increase in distance between this
carboxylate group and the nearest K32 residue for an ionic interaction likely occurs.
Therefore, the opposite effect may be observed by increasing the distance between
the pteridine ring and carboxylate group, and this effect might be additive if a second
ionic interaction could be established with the γ-carboxylate group.
A chimeric substrate/cofactor-tail molecule?
Another option for a rational design approach could focus on modification of
the substrate’s tail to mimic the structural make-up of the cofactor tail. The reasoning
is that the cofactor shows tight binding with a major contribution to the binding
enthalpy from its tail region. This observation is likely the result of numerous
contacts between the cofactor’s phosphates and the enzyme. If the substrate analog
possesses these groups in a similar structural scaffold, it may also bind tighter to the
enzyme if all the other pteridine ring interactions are maintained. The concept of the
bisubstrate molecule is not new and has been successfully applied to the design of
enzyme inhibitors effectively increasing their potency (100).
A chimeric substrate-head/cofactor-tail molecule is a feasible structure to
synthesize. In fact, it has been constructed as an inhibitor of enzymes involved in
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the de novo biosynthesis of folate (figure 4). This approach takes advantage of the
requirement by most microorganisms to synthesize folates de novo because they lack
the active transport machinery in mammals to derive folates from their diet (101).
Curiously, the DHFR enzyme is a part of this biosynthetic pathway, but further down
the chain. The synthesis of the compound takes advantage of known intermediates
used along the pathway. The synthesis of 6-hydroxymethyl-pterine-pyrophosphate
(102) has been done in studies to determine the catalytic mechanism of
dihydropteroate synthase (DHPS) (103,104). This enzyme catalyzes the condensation
of pABA with 6-hydroxymethyl-7,8-dihydropterin-pyrophosphate. The analog, 6hydroxymethyl pterin monophosphate binds to the pterin binding site of the enzyme
and helped elucidate the more flexible binding site for the pABA substrate that has
been the target of the sulfonamide compounds. The pterin pyrophosphate compound
is the product of 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK),
one enzymatic step up the biosynthetic pathway from DHPS. This has lead to the
development of a bisubstrate analog compound known as P1-(6hydroxymethylpterin)-P2-(5’-adenosyl)diphosphate (HP2A) (figure 5, 105). The use
of this type of bisubstrate molecule as an inhibitor holds promise to a newer approach
of pathway inhibition where multiple enzymes could be targeted by a single
molecule. For studies with R67 DHFR, it holds potential if the pyrophosphate bridge
could still interact with K32 residues while the pteridine ring could still interact with
I68 at the center of the pore. Also, a phosphate group might have to be added at
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Figure 4. Schematic diagram on part of the folate de novo biosynthetic pathway in
relation to the thymidylate cycle and dietary folate uptake. Not all routes are shown.
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Figure 5. The structure of a potential chimeric molecule. The synthesis of this
molecule is described by Shi et al. (105). After the synthesis of 6-hydroxymethylmonophosphate is done, it is activated with 1,1'-carbonyldiimidazole and treated in
situ with AMP, ADP, or ATP. Therefore, the number of phosphate groups linking the
pteridine ring with the adenosine-ribose moiety can be a total of 2, 3 or 4.
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the ribosyl's 2' ring position. The phosphate bridge can be lengthened, as per Shi et al
(105), to assist this and add to the overall charge. Nonetheless, exploring the
potential of this chimeric molecule would be worthwhile.
The issue of connectivity in rational design
The issue of connectivity arises with ligand binding to R67 DHFR and
presents a challenge to inhibitor design. An example of this effect is observed with
the binding of NMNH vs. NADPH. The NMNH moiety is shown to contribute
substantially to the enthalpy of binding as the NADPH fragments bind with reduced
enthalpies. Investigating this effect could be of interest. In principle, connectivity
effects appear to be communicated through covalent bonds. If this idea is extended to
the binding of substrate upon formation of the ternary complex, the binding of
connected molecules could be a way to determine if a longer bisubstrate molecule
binds with enhanced affinity. As it is possible to form covalent adducts at the
nicotinamide ring head, it may be possible in the future to design a bisubstrate
molecule that has a linker chain covalently attaching the pteridine ring moiety of
folate to the nicotinamide ring head of NADPH. The linker region of atoms could
allow the two rings to overlap in a similar fashion as that occurring during formation
of the ternary complex.
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General mechanism based approaches vs. ground state binding stabilization for SAR
studies of R67 DHFR
One question remains as to whether the approach to inhibitor design for R67
DHFR would go after the transition-state (TS) complex or the ground state, ternary
complex. There is still not enough information about the ligand-enzyme interactions
as well as on the transition-state structure. The rational basis for going after a TS
based inhibitor design has been long established by Pauling and followed up on by
Jencks and Wolfenden (106,107,108). An enzyme binds its TS structure more tightly
as its active site is preorganized for this typically short-lived, high-energy state
structure. However, R67 DHFR is considered a primitive enzyme. How does R67
DHFR stabilize the TS structure for the hydride transfer reaction? A current
collaboration with Dr. Hong Guo's lab and with Robert Beahm in the BCMB
department at UT has approached this question with molecular dynamic modeling
studies on the reaction pathway for R67 DHFR. As more information is learned
about this, the inhibitor design approach could evolve away from the ground state,
ternary complex formation to a TS analog structure. One aspect of this structure, the
proposed endo TS mentioned for R67 DHFR, could be investigated with the proposed
bisubstrate macromolecule. This structure would have a covalent tether between the
atoms that give and receive the hydride ion. As more information is obtained on the
TS structure in R67 DHFR's active site, refinement of the inhibitor can occur.
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Chapter 4. Anion-Quadrupole Interaction

Non-covalent interactions in proteins
General types and strengths
Non-covalent interactions are essential to the structure and function of
proteins. Two broad classes are the electrostatic and hydrophobic interactions.
Electrostatic interactions are the strongest and are broken down into types based on
their Coulombic potential energy and distance dependency. Table 1 lists some of
these as they are ranked in strength. The basic electrostatic pairing of charged atoms
(the salt bridge), such as the side chain γ− and β− carboxyls off the respective
glutamate (Glu) and aspartate (Asp) residues with the ε-amino nitrogen off the lysine
(Lys) and arginine (Arg) residues, are the strongest. Groups that have a permanent
dipole are polar and can form interactions with other groups possessing opposite
charge and polarity. The charge-dipole interaction is stronger than the dipole-dipole
interaction. The weakest type of electrostatic interaction is the van der Waals force
where adjacent atomic radii result in a combination of induced dipole moments and
polarizability effects resulting in attractive or repulsive forces. All these electrostatic
interactions that have been briefly described are dependent on the distance between
the interacting pairs.
With the exception of the ion pair (or salt bridge), these types of interactions
are weak, yet they are electrostatic by nature and play a significant role in protein
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Table 1. A hierarchy of non-covalent electrostatic interactionsa.
Force

Distance Dependency

Charge-charge

± 1/r

Charge-dipole b

± 1/r2

Charge-quadrupole/Dipole-dipole b

± 1/r3

Dipole-quadrupole b

± 1/r4

Quadrupole-quadrupole b,c

± 1/r5

London-london

– 1/r6

Van der Waals

± 1/r12

a

From Burley and Petsko (110)
Also possesses an angle dependency
c
Also possesses a ring orientation dependency
b
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folding and ligand binding, especially in combination with other interactions (e.g.
cooperativity). For example, an important interaction in proteins involves H-bond
formation between the backbone O and NH groups from amino acids. These contacts
are established in an ordered fashion and give rise to α-helix and β-sheet
substructures in proteins (109). The α-helical structure results in a net dipole
moment, which then allows interactions with other such dipole moments or charged
groups.
A non-classical type involving the aromatic rings
These interacting forces are well described elsewhere, but currently it has
been noticed that a number of weakly polar interactions are prevalent and have been
under appreciated. A review by Burley and Petsko (1988) suggests indirect evidence
for the significance of weakly polar interactions with aromatic residues (110). This
arises because of the quadrupole moment of the aromatic benzyl, phenol, and indole
rings associated with the respective amino acids phenylalanine (Phe), tyrosine (Tyr) ,
and tryptophan (Trp). These quadrupole moments are substantial and an electrostatic
potential surface calculated by Dougherty's group in figure 1 presents a visualization
of the partial charge distribution about the rings (110,111). The aromatic rings can
therefore potentially interact with other groups via their π-electron cloud above and
below the plane of the ring (figure 1) as well as possibly via the ring edge. The
interaction is distance and geometry dependent (see table 1 for interactions with
quadrupole moments). For example, the use of a small subset of high-resolution
protein structures (28-36) provided indirect evidence for edgewise or planar
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Figure 1. A schematic diagram of electrostatic potential surface maps of aromatic
rings. The electrostatic potential surfaces were visually imitated from the calculated
surfaces as per Dougherty (111). The mock electrostatic potential surface is shown
for the face view of the rings. The color is coded for the partial charge of the
potential where red is negative and blue is positive. A schematic of the quadrupole
moment is shown at right as the ring would be viewed edge on. The quadrupole
moment arises from the two fixed dipoles. In general, the surfaces shown for the gas
phase potential energy values range from -25kcal/mol (red) to +25kcal/mol (blue)
(118).
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aromatic-oxygen and aromatic-sulfur interactions (110). A statistically preferred
separation distance was found to be 5-6 Angstroms from the ring centroid to the
corresponding atom. Perpendicular interactions for aromatic-amino pairs were also
observed with a separation distance about 3 Angstroms from the nitrogen atom to the
ring centroid (110). These interactions were hypothesized to arise from polarizability
effects of the quadrupole moment of the aromatic ring.

Cation-π interactions
Theoretical calculations
It was determined that the π-electron cloud in aromatic rings can form an
electrostatic type of interaction with cations, which is referred to as a cation-π
interaction. Dougherty’s group has performed quantum mechanical calculations on
the effect of cation binding to the π-electron cloud face of benzene using a 6-31G**
basis set in Gaussian92 (111). They found a significant electrostatic interaction that
can compete with the dipole moment of water for the binding of cations in solution
(111,112). In other words, they proposed that it would be slightly favorable for a
cation like K+ to interact with the π face of benzene rather than to interact with a
water molecule (111). Although the electrostatic term is a major component that
describes the model of the cation-π interaction, other forces are involved and include
induced dipoles (or the induction effect), polarizabilities, dispersion forces and charge
transfer terms (113).
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Evidence for cation-π interactions
Experimental and biological evidence also support the hypothesis of cation-π
interactions. Gas-phase, ion molecule binding studies were done on the interaction of
benzene with simple K+ cations in the early 1980s (114). Equilibrium measurements
on the reaction of potassium ions with benzene in the gas phase were done at different
temperatures to generate van’t Hoff plots from which the enthalpy of binding was
calculated. The benzene-K+ interaction had an experimentally determined enthalpy of
binding around -18.3 kcal/mol that was slightly more favorable than the reaction
between potassium and water measured at -17.9 kcal/mol (114).
Moreover, the cation-π interaction has become increasingly recognized as
substantial and significant for ligand-receptor binding in neurotransmitters, Gprotein-coupled receptors, transporters and enzymes (115). One of the bettercharacterized examples of a cation-π interaction is in ligand binding to the nicotinic
acetylcholine receptor (nAChR), a ligand-gated ion channel protein (116). A Trp149
residue in the α subunit was recognized to form cation-π contacts with its agonist (the
proposed quaternary amine of acetylcholine). A mutagenesis technique that used
nonsense codon suppression incorporated unnatural amino acids at Trp149 where the
indole ring was substituted with 1-4 fluorine groups. The degree of substitution
decreased the electrostatic potential of the π face of the aromatic ring, resulting in
weaker ligand binding. This conclusion was based on a plot of
log[EC50(mutant)/EC50(wild type)] vs. quantitative cation-π binding ability that
showed a strong linear correlation (116). Similar studies with the serotonergic (5102

HT3A) receptor that binds serotonin revealed Trp183 also forms cation-π interactions
(117). Like the example receptors described, nearly all neurotransmitters contain a
cationic center (117), and in cognate receptors there are several Trp and Tyr residues
that potentially form cation-π interactions. However, Dougherty's group has
qualitatively proposed that the indole ring of tryptophan possesses a higher potential
than the benzene and phenol rings of phenylalanine and tyrosine respectively to form
a strong cation-π interaction based on electrostatic potential surfaces of several
aromatic systems occurring in biology (118).

The proposed anion-quadrupole interaction
Ring edge interactions
If the cation-π interaction is important, can the edge of the ring that possesses
a partial positive charge interact with anions? The cation-π interaction is supported
by continuing experimental evidence, so there might be a question whether the ring
edge can also play an important role in weak electrostatic interactions? Little has
been done by other groups to investigate the significance of edge-on aromatic
interactions with anions, yet the geometry of interaction has been investigated to a
minor extent. Thomas et al. observed a non-random spatial orientation of the
phenylalanine ring with oxygen atom distribution (119). A large frequency was
observed for the orientation of oxygen atoms between a toroidal section of 0°-15°
from the benzene ring edge. Two-thirds of the oxygen atoms were constituents of
carbonyl groups based on the information in the database that was surveyed.
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Therefore, quantum mechanical calculations were done using a model of benzene and
formamide. Using the 4-31G basis set, the net interaction energy was determined for
several orientations from 0°-90° above the plane of the ring. The interaction energy
was geometry dependent where the interaction was more favorable at the edge of the
benzene ring than at higher angles from the ring plane (119).
Can anion-quadrupole interactions exist?
What has not been investigated is the interaction between a negatively
charged ion and the aromatic ring edge. This is called an anion-quadrupole
interaction. Does it exist? Or more accurately, is the interaction a distinctive type
that would be considered a non-covalent form of interaction like the cation-π? Or is
it a weak interaction primarily described by charge-transfer and polarizability terms?
Our lab chose to investigate this issue because of information arising from predictions
of cofactor binding to the R67 DHFR enzyme and surveys with some protein
databases.
Several pieces of information began to support the occurrence of anionquadrupole interactions. Information from docking predictions on NMNH binding to
R67 DHFR revealed a close contact distance with the ring edge of Y69 and its
monophosphate group (30). No counter charge was in the vicinity in this docking.
In addition, observations on experimental results with enzyme mutants from steadystate kinetics and ITC binding are suggestive. The Y69F mutant in the R67 DHFR
homotetramer had an increased kcat value (approximately two fold) whereas other
mutants that had significant changes in binding and catalysis generally had lower
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kcat values compared to wild type (42). This supported the role of the OH group in
catalysis, but it was not clear whether a ring edge interaction occurred until further
observations with the asymmetrical mutants of Y69F and the Y69L homotetramer.
The aromatic ring was determined necessary for DHF binding and for catalysis (46).
The Y69L homotetramer mutants were more convincing because kcat was reduced
approximately 9 fold compared to wild type R67 DHFR and 18 fold compared to the
Y69F homotetramer.
Preliminary information from database surveys
More compelling information has recently come from a preliminary survey of
a subset of the PDB protein database. Gallivan and Dougherty had done this for
cation-π interactions (120). They had performed quantum mechanical studies on a
model of the interaction between Phe-Lys and Phe-Arg and then compared their
results with OPLS (solution force field) calculations for a select number of cation-π
interactions. A linear correlation was observed for the OPLS calculations and
quantum mechanical calculations. Then they surveyed over 530 protein structure
entries in the Hobohm and Sander “PDB Select” protein database list using OPLS
since it was a more efficient and faster computational method (121,122). They found
a high statistical occurrence of cation-π interactions in the proteins surveyed where
the most common was between neighboring residues (7.3% of the interactions) and
the second most common occurring at the i and (i + 4) positions as would occur in an

α-helix.
To pursue a potential anion-quadrupole interaction in our lab, a C++
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program was written initially by Hsin-Neng Wang to perform a search on a subset of
the protein database (PDB) to evaluate the position and spatial distribution of
carboxylate groups off Glu and Asp with the aromatic rings of Phe, Tyr, and Trp.
Can Ozen and Jun Wu followed up on the program. Can Ozen included a statistical
evaluation of how often this interaction would be expected to occur based on the
volume of space involved (figure 2). Jun Wu determined whether additional
interactions occur with phosphate groups of ATP, ADP, GDP, and NADPH. The
conclusion was that a non-random distribution was observed not only for the spatial
distribution of the carboxylate groups but also for a preferential interaction to occur
near the edge of the ring. Jun Wu expanded the survey and screened the Hobohm and
Sander subset of the PDB (121,122) and found similar results. Particularly, the PheAsp and Tyr-Glu pairs showed statistically important interactions at an angle between
0-10 degrees above the plane of ring (figure 3). The survey for interactions with
phosphate groups was similarly shown to have a non-random distribution favoring
edge wise interactions but the sample size was much smaller making it difficult to
assess.
A quantum mechanical approach for the anion-quadrupole effect
What is lacking is a model for the physical origin of the anion-quadrupole
effect. Our lab thus initiated a quantum mechanical study for gas-phase models of an
aromatic ring system and a charged carboxylic group in collaboration with RJ Hinde
in the chemistry department at UT of Knoxville, TN. The model included the
benzene ring of phenylalanine and formate, which possesses a negative charge.
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Figure 2. Schematic diagram for evaluating potential Asp/Glu and Phe/Tyr/Trp
interacting pairs. Pairs with distances ≤10 Angstroms between the center of the ring
and the oxygen atoms in carboxylate groups are found and then the angle θ of
interaction above/below the ring plane is calculated. To determine the statistical
propensity for pairs to occur randomly, the volume of space involved in each 10
degree increment is calculated as shown in the right side of the figure. An expected
occurrence of anion-quadrupole interactions for each sector is then calculated from
this model by taking the expected ratio of the relative volume of each sector with
respect to the total volume of the sphere with the equation:
ratio (relative volume) =
2X volume of spherical sector ÷ total volume of a sphere

(2)

The total number of pairs is multiplied by each relative sector volume to obtain the
expected occurrence or number of anions in that sector.
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Figure 3. Percent difference charts for Phe-Asp (top) and Tyr-Glu (bottom) pairs.
Data are from the "PDB Select" list. Calculation of percent difference is achieved by
the following formula:
percent difference =

# of observed pairs

- # of expected pairs

# of expected pairs

(3)

where the pairs occur in each sector.
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The formate molecule represented a model for the carboxylic groups off Glu and Asp
residues in proteins. Other models were used and included the phenol and indole
rings of Tyr and Trp respectively with interactions with formate. However, the
characterization of this interaction was primarily investigated with a series of
quantum mechanical calculations done in Gaussian98 using the benzene and formate
model as well as point charge evaluations (123). The AUG-cc-pVDZ basis set was
used at a high level of theory (Møller-Plesset energy correlation (MP2)) for
appropriately evaluating the electron correlation effects in quadrupole moments
(124,125).
The results of these calculations will prove a theoretical basis for the anionquadrupole interaction and will further provide a basis for analyzing the search results
in the databases. Empirical formulas to calculate the anion-quadrupole effect have
been concurrently investigated by Robert Beahm as correlation studies to the
quantum mechanical approaches. These in turn will facilitate statistical surveys of
databases with faster calculations for the anion-quadrupole interactions in proteins
and hopefully parallel the studies done by Gallivan and Dougherty on cation-π
interactions.
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Chapter 5: Results on Anion-quadrupole Interaction Calculations

Introduction
The cation-π interaction as a reference
Weak interactions are important in biology. In particular, the cooperativity
associated with numerous weak interactions is crucial in protein folding and ligand
binding processes. The cation-π interaction falls in this group of weak interactions,
and it has recently become more appreciated. Over the last few years, Dougherty and
his group have investigated cation-π interactions using quantum mechanical (QM)
approaches as well as statistical surveys of protein databases and experimental
approaches (111,112,120). His group determined that a strong electrostatic
interaction can occur between cations and the π electron cloud of aromatic residues
(111,118). These cation-π interactions have been shown to be prevalent in protein
architecture as well as to be important for ligand binding. In fact, a number of
examples have been experimentally evaluated, for example in agonist binding to the
nicotinic acetylcholine receptor (nAChR) (115,116). New information continues to
be collected on the occurrence of cation-π interactions in biology.
What is the cation-π interaction and why is it important? The
cation-π interaction is a type of non-covalent interaction between a cation and
the π electron cloud of an aromatic residue. Dougherty’s group used a model of
110

benzene and a series of cations to perform quantum mechanical evaluations of the
interaction energies (111,112,120). Because of the quadrupole moment of the
aromatic ring, they found that the interaction primarily involves an electrostatic
component, but other forces are involved and include polarizabilities (induction),
charge-transfer and dispersion forces (112,113). The electrostatic term dominates
over the induction and charge transfer terms as the latter have a distance dependency
that drops off more rapidly.
Interaction with the ring edge?
An intriguing question arises from quantum mechanical studies on the
electrostatic potential surface of the aromatic ring (111,118). Dougherty et al. had
calculated that the π electron cloud, which occurs above and below the ring plane,
possesses a partial negative charge while the ring edge possesses a partial positive
charge. Could the ring edge be involved in a similar type of interaction with
negatively charged ions? This interaction is termed an anion-quadrupole effect.
Previous studies of anion-quadrupole interactions have typically focused on
electron deficient π rings and include theoretical predictions of binding energies in
fluorobenzene derivatives, fluoro-s-triazine, tetrafluoroethene as well as a few other
molecules possessing a π system (126-133). Experimental evidence for an “anion-π”
interaction includes spectroscopic, NMR and crystallography data of anion binding
sites in electron deficient aromatics, host-guest molecules as well as other compounds
found by screening the Cambridge Structural Database (134-136). Examples of
anion-quadrupole interactions in biology are less clear, however, Thomas et al.
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found a preference for oxygen atoms (predominately carbonyls) to occur at the ring
edge of phenylalanines (119). While no interpretation has been presented, a statistical
preference for an edgewise interaction between Asp/Glu and aromatic rings has
already been noted in the atlas of protein sidechain interactions ((137) and see
http://www.biochem.ucl.ac.uk/bsm/sidechains/). More recently, Jouglin et al. found
tryptophan and tyrosine as well as histidine and arginine to be frequently present at
the surface of phosphoresidue binding sites (138). These various observations have
led us to investigate whether an anion-quadrupole pair could be occurring,
particularly for the Asp/Glu and Phe pairs (hydrogen bonding interactions could
additionally be invoked for Tyr/Trp and Asp/Glu pairs). Therefore, we have pursued
a quantum mechanical approach to evaluate the energies of these pairwise
interactions and to ask what role electrostatics may play in the energetics of this
interaction.

Methods
A model for interacting pairs
Simplified models of the anion-quadrupole interaction were constructed.
Benzene and formate molecules were chosen as a model for the interacting pairs as
they are the simplest representation of an interaction between carboxylate groups and
aromatic rings. The energies of these pairs (benzene-formate) were evaluated at
various distances from the edge of the benzene ring. Figure 1 shows several pairs.
Other angles of approach for the benzene-formate pair one (BF1) were also
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BF1

BF2

BF3

BF4

Figure 1. Benzene-formate pairs. Four specific orientations of benzene and formate
(at right) were chosen for calculations where all atoms lie in the ring plane. Of these,
the BF1 pair was chosen for calculation at various angles (at left). The formate
molecule approaches from 0°, 30°, 60° and 90° above the ring plane to the center-ofmass point (purple) of benzene. The center-of-charge point (yellow) of formate is
~0.68 Angstroms from the carbon atom of formate. Stick models are shown and the
atoms are colored as follows: carbon (green), oxygen (red), and hydrogen (blue).
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evaluated. A geometry optimization was performed for each molecule used in the
models by using Gaussian 98 (123) with the keyword ”opt” included with all other
parameters described for the quantum mechanical calculations for the benzeneformate pairs. Then calculations were done for determining the interaction energy
using the optimized coordinates of the molecules. Distances were measured between
benzene's center-of-mass and formate's center-of-charge. The center-of-mass was
calculated according to the following general formula:

(1)

where xcm is the center-of-mass point for the x coordinate, mi is the mass of the atom,
and xi is the x coordinate of atom i. The same formula is used for calculating the
center-of-mass for the y and z coordinates. The center-of-charge is calculated
according to the same formula except the mass, mi, is substituted by a partial atom
charge, qi, for the x, y and z coordinates. The partial atom charges were taken from
the nuclear charges calculated in Gaussian 98 (123).
The benzene-formate pairs represented a simple model for the evaluation of
Phe/Tyr/Trp-Asp/Glu pairs in proteins; nonetheless, sets of calculations, using the
same optimized coordinates for benzene with point charges, were initially set up as a
reference for the benzene-formate model. These included the interaction of a single
point charge as well as a pair of point charges with the benzene molecule
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approaching both the ring edge as well as perpendicular to benzene’s center-of mass
point. In this manner, the evaluation of a charge's effect on the quadrupole moment
of benzene can be further simplified by removing many other complex intermolecular
forces arising from the formate molecule. For example, formate also possesses a
dipole moment in addition to having a charge. Also, formate's charge distribution
would not be uniform. Thus the benzene molecule is evaluated with a single point
charge and two-point charges. This approach allows evaluation of effects on
formate's charge distribution as it approaches the benzene molecule.
Quantum-mechanical calculations
All calculations were done using the aug-cc-pVDZ basis set in Gaussian 98
(123,124). This basis set was used to calculate the energy of the pairs including the
energy of the electrons in higher orbital states. These electron correlation effects are
important for the cases of benzene-formate pairs and reference calculations with point
charges that were evaluated because these effects would model the behavior of the π
electron cloud in benzene and the anion in formate more accurately. Even though the
size of the basis set alone results in the calculation of electron correlation effects, aug
was developed for special cases that include anions, electron rich orbitals such as the
π electron cloud of benzene and systems having large polarizabilities. The aug term
describes an augmented basis set that allows electron clouds to distort their shape as
molecular orbitals, and this is a specialized method for better handling of the benzene
ring system. Thus, this was considered a sufficiently flexible basis set for evaluating
the interaction energy, which would include the effect of a negative charge on the π
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electron cloud of benzene. By using this basis set, a Hartree-Fock energy (HF) was
obtained with a Møller-Plesset (MP2) second order perturbation theory correction
(125). In other words, a Hartree-Fock calculation was used and the energy given as
hartrees. This approximation of energy was then corrected by the perturbation theory
towards the true energy of the system. To obtain the interaction energy, a basis setsuperposition error (BSSE) calculation based on the method of Boys and Bernardi
was done (139). Thus for each pair, a counter-poise calculation was done for both
individual molecules. This resulted in a deduction of the monomer energy from the
dimer energy whereby the interaction energy is retained. The BSSE method corrects
for the inadequate basis set size that would otherwise be needed for these cases
without a BSSE correction. Such a basis set size would excite electrons up to the i
orbital which is impossible as current computer technology would take years to
calculate one pair. Figure 2 shows a sample of the three input files entered into
Gaussian 98 for one BF1 pair. The difference in energy between the interacting pair
minus the sum for each counter-poise calculation energy resulted in the interaction
energy. The energy in hartrees at either the HF or MP2 level was converted to
kcal/mol for some energy diagrams with the following formula:
(hartrees)*4.3567482E-18J/4.184cal/1000*6.0221367E+23/mol

(2)

Point charge calculations were done with a single point charge of -1 or a pair
of point charges each possessing a charge of -0.5. The interaction energy was
determined by subtracting a calculation on the energy of benzene alone from that with
the point charge(s). The presence of two-point charges resulted in an additional selfenergy term arising from repulsion of the point charges due to their proximity.
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Figure 2. Sample input files for Gaussian 98 calculations on benzene-formate pairs.
Sample file A shows the file input for one BF1 pair. The atom coordinates are
entered in z-matrix format where each atom position is defined by a distance from a
second atom, an angle from a third atom, and a dihedral from a fourth atom. The X
atom is a dummy atom in Gaussian 98, primarily used as a reference point in space
for positioning atoms. It has no effect on the outcome of the calculations and helps in
eliminating colinearity of atoms, which sometimes causes the run to crash. Sample
files B and C are the 'ghost' files that calculate the energy of both individual
molecules (the formate molecule and benzene molecule respectively). These files are
similar to A except for the keyword “massage” entered in the heading of the file and
the "Nuc" statement after the "Variable" list for each atom to be 'ghosted' out. A
'ghost' atom is one where Gaussian removes the nucleus and electron element but
retains the electron orbital shell. This is important for calculation of electron
correlation effects and the perturbation on the electron cloud of the molecule that still
exists by the presence of the corresponding 'ghost' molecule's electron cloud orbitals.
The "Variable" list for the sample input files B and C are the same for file A but are
truncated here for brevity. The header part of each file contains options and
keywords. The first line is for running the program. The second to fourth lines are
options for disk space and temporary files. The lines with a pound symbol are
keywords that are as follows: line 5, basis set and perturbation theory level; line 6,
self-consistent field (SCF) density; line 7, prints out a population analysis on the
molecular orbitals; and line 8 for the 'ghost' files, modifies the molecule after it is
generated (in this case removes nuclear charge with the Nuc 0.0 option at the end of
the Variables list). After the comment line, the two spaced numerals are the charge
and multiplicity respectively. The charge value refers to the charge of the system,
thus for sample file C there is no charge because formate is a 'ghost' molecule.
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_____________________________________________________________________
Sample File A:
$RunGauss
%Mem=1200MB
%RWF=a,255MW,b,255MW,c,255MW,d,255MW,e,255MW,f,255MW,g,255MW,h,255MW
%NoSave
#MP2/aug-cc-pVDZ maxdisk=2147483628
#density=current
#pop=(chelpg,dipole)
comment line
-1 1
X
X 1 r2
X 2 r3 1 a3
X 3 r4 2 a4 1 d4
X 4 r5 3 a5 2 d5
X 5 r6 4 a6 3 d6
C 6 r7 5 a7 4 d7
C 7 r8 6 a8 5 d8
C 8 r9 7 a9 6 d9
C 9 r10 8 a10 7 d10
C 10 r11 9 a11 8 d11
C 11 r12 10 a12 9 d12
H 12 r13 11 a13 10 d13
H 13 r14 12 a14 11 d14
H 14 r15 13 a15 12 d15
H 15 r16 14 a16 13 d16
H 16 r17 15 a17 14 d17
H 17 r18 16 a18 15 d18
X 3 r19 2 a19 1 d19
H 19 r20 3 a20 2 d20
O 20 r21 19 a21 3 d21
C 21 r22 20 a22 19 d22
O 22 r23 21 a23 20 d23
Variables:
r2= 4.000
r3= 4.000
a3= 90.00
r4= 8.000
a4= 90.00
d4= 180.00
r5= 4.000
a5= 90.00
d5= 270.00
r6= 5.000
a6= 90.00
d6= 180.0
r7= 3.846
__________________________________________________________________________________
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__________________________________________________________________________________
a7= 10.55
d7= 90.00
r8= 1.408
a8= 160.5
d8= 180.0
r9= 1.408
a9= 120.0
d9= 180.0
r10= 1.408
a10= 120.0
d10= 0.000
r11= 1.408
a11= 120.0
d11= 0.000
r12= 1.408
a12= 120.0
d12= 0.000
r13= 2.173
a13= 145.9
d13= 0.000
r14= 2.502
a14= 94.14
d14= 0.000
r15= 2.502
a15= 120.0
d15= 0.000
r16= 2.502
a16= 120.0
d16= 0.000
r17= 2.502
a17= 120.0
d17= 0.000
r18= 2.502
a18= 120.0
d18= 0.000
r19= 4.000
a19= 90.00
d19= 90.00
r20= 1.671
a20= 90.00
d20= 270.00
r21= 2.029
a21= 34.56
d21= 90.00
r22= 1.269
a22= 30.52
d22= 0.000
r23= 1.269
a23= 130.1
d23= 180.0

_____________________________________________________________________
Figure 2. Continued
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_____________________________________________________________________
Sample file B:
$RunGauss
%Mem=1200MB
%RWF=a,255MW,b,255MW,c,255MW,d,255MW,e,255MW,f,255MW,g,255MW,h,255MW
%NoSave
#MP2/aug-cc-pVDZ maxdisk=2147483628
#density=current
#pop=(chelpg,dipole)
#massage
comment line
-1 1
X
X 1 r2
X 2 r3 1 a3
X 3 r4 2 a4 1 d4
X 4 r5 3 a5 2 d5
X 5 r6 4 a6 3 d6
C 6 r7 5 a7 4 d7
C 7 r8 6 a8 5 d8
C 8 r9 7 a9 6 d9
C 9 r10 8 a10 7 d10
C 10 r11 9 a11 8 d11
C 11 r12 10 a12 9 d12
H 12 r13 11 a13 10 d13
H 13 r14 12 a14 11 d14
H 14 r15 13 a15 12 d15
H 15 r16 14 a16 13 d16
H 16 r17 15 a17 14 d17
H 17 r18 16 a18 15 d18
X 3 r19 2 a19 1 d19
H 19 r20 3 a20 2 d20
O 20 r21 19 a21 3 d21
C 21 r22 20 a22 19 d22
O 22 r23 21 a23 20 d23
Variables:
r2= 4.000
r3= 4.000
a3= 90.00
r4= 8.000
a4= 90.00
.
.
.
a23= 130.1
d23= 180.0
1 Nuc 0.0
__________________________________________________________________________________

Figure 2. Continued
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__________________________________________________________________________________
2 Nuc 0.0
3 Nuc 0.0
4 Nuc 0.0
5 Nuc 0.0
6 Nuc 0.0
7 Nuc 0.0
8 Nuc 0.0
9 Nuc 0.0
10 Nuc 0.0
11 Nuc 0.0
12 Nuc 0.0

Sample file C:
$RunGauss
%Mem=1200MB
%RWF=fa,255MW,fb,255MW,fc,255MW,fd,255MW,fe,255MW,ff,255MW,fg,255MW,fh,255MW
%NoSave
#MP2/aug-cc-pVDZ maxdisk=2147483628
#density=current
#pop=(chelpg,dipole)
#massage
comment line
01
X
X 1 r2
X 2 r3 1 a3
X 3 r4 2 a4 1 d4
X 4 r5 3 a5 2 d5
X 5 r6 4 a6 3 d6
C 6 r7 5 a7 4 d7
C 7 r8 6 a8 5 d8
C 8 r9 7 a9 6 d9
C 9 r10 8 a10 7 d10
C 10 r11 9 a11 8 d11
C 11 r12 10 a12 9 d12
H 12 r13 11 a13 10 d13
H 13 r14 12 a14 11 d14
H 14 r15 13 a15 12 d15
H 15 r16 14 a16 13 d16
H 16 r17 15 a17 14 d17
H 17 r18 16 a18 15 d18
X 3 r19 2 a19 1 d19
H 19 r20 3 a20 2 d20
O 20 r21 19 a21 3 d21
C 21 r22 20 a22 19 d22
O 22 r23 21 a23 20 d23
Variables:
__________________________________________________________________________________

Figure 2. Continued
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__________________________________________________________________________________
r2= 4.000
r3= 4.000
a3= 90.00
r4= 8.000
a4= 90.00
.
.
.
a23= 130.1
d23= 180.0
13 Nuc 0.0
14 Nuc 0.0
15 Nuc 0.0
16 Nuc 0.0

_____________________________________________________________________
Figure 2. Continued
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This was also used for correcting the calculated interaction energy. Figure 3 shows a
sample of input files for the point charge and two-point charge evaluations.
Evaluation of a two-point charge interaction was done to compare with the single
point charge effect on the energy. The two-point charge model placed a point charge
at the location of each oxygen atom of formate in corresponding files of the benzeneformate pairs (particularly the BF1 pairs).
Evaluation of the calculations
For data analysis and graphing, the SigmaPlot 9.0 and Maple 9 programs were
used (140). Data analysis included the generation of energy vs. distance diagrams
and deconvolution of energy terms.
The energy diagrams for the pairs can be viewed as potential energy diagrams
as a function of the separation between the molecules. This would involve a large
number of variables for the various energy terms involved. An example of a familiar
energy equation describes Coulomb's law:

(3)

where U is the potential energy, q is the charge, r is the distance and ε is the
permittivity constant (141). Instead of the potential energy of a charge-charge
interaction, this study investigates the potential energy of a charge and a quadrupole.
Here, the intermolecular forces that describe the interaction are a sum of terms
represented by more complex equations described in detail by Buckingham (142).
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Figure 3. Sample input files for point charge calculations. Sample file A is for a
single point charge and sample file B for a two-point charge. The benzene molecule
is entered in the program as Cartesian coordinates instead of a z-matrix format. The
point charge(s) follows at the last line of input. Its charge is given after the x, y, and z
coordinate values. The header information is the same as for figure 2.
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_____________________________________________________________________
(Example file input for a point charge)
$RunGauss
%Mem=1200MB
%RWF=a,255MW,b,255MW,c,255MW,d,255MW,e,255MW,f,255MW,g,255MW,h,255MW
%noSave
#MP2/aug-cc-pVDZ maxdisk=2147483628 Charge
#density=current
#pop=(chelpg,dipole)
comment line
01
C
C
C
C
C
C
H
H
H
H
H
H

-1.775459
-1.775459
-0.556095
0.663269
0.663269
-0.556095
-2.723534
-2.725281
-0.559359
1.608309
1.610056
-0.555866

-1.665261
-0.257261
0.446739
-0.257261
-1.665261
-2.369261
-2.213897
0.288103
1.540615
0.291128
-2.210871
-3.463384

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

4.719950 8.155975 0.000000 -1.0

(Example file input for two-point charges)
$RunGauss
%Mem=1200MB
%RWF=a,255MW,b,255MW,c,255MW,d,255MW,e,255MW,f,255MW,g,255MW,h,255MW
%noSave
#MP2/aug-cc-pVDZ maxdisk=2147483628 Charge
#density=current
#pop=(chelpg,dipole)
comment line
01
C -1.802095 -1.711303 0.000000
C -1.802095 -0.303303 0.000000
C -0.582731 0.400697 0.000000
C
0.636633 -0.303303 0.000000
C
0.636633 -1.711303 0.000000
C -0.582731 -2.415303 0.000000
H -2.750170 -2.259939 0.000000
H -2.751917 0.242061 0.000000
H -0.585995 1.494573 0.000000
H
1.581674 0.245086 0.000000
__________________________________________________________________________________
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_________________________________________________________________________________
H
1.583420 -2.256913 0.000000
H -0.582501 -3.509426 0.000000
5.672104 7.503605 0.000000 -0.50
3.679657 8.654873 0.000000 -0.50

____________________________________________________________________

Figure 3. Continued
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However, the interaction between these molecules not only depends on the separation
distance but also orientation, so an angle dependency needs to be included.
Therefore, the potential energy would be a function of distance and angle θ to the
quadrupole moment of benzene. The potential energy could be evaluated as follows:
3
1
u = (4πε0r3)-1[q(Θ)(2 cos2 θ – 2 )]
1
1
+ (-2 )(4πε0)-2(r - 4)[q2(α + 3 (α||-α⊥)(3cos2 θ – 1))]
3
+ (4πε0r4)-1[2 µ(a) Θ(b)(cos θa(3cos2 θa - 1) + 2sin θasin θbcos θbcos φ)]
35
15
3
+ (4πε0r5)-1[q(Φ)( 8 cos4 θ – 4 cos2 θ + 8 )]

(4)

where Θ is the quadrupole moment of benzene, µ(a) is the dipole moment of formate,
Φ is the hexadecapole moment of benzene and α is the polarizability. φ is the torsion
angle between the vectors of the dipole and quadrupole moments. The first part of
the equation describes the anion-quadrupole effect; the second part, the induction
effect; the third part the dipole-quadrupole interaction between formate (molecule(a))
and benzene (molecule(b)); and the final part, the hexadecapole-charge effect. Angle

θ is the angle between the vector arising from the quadrupole/hexadecapole moment
of benzene and the line to the center of charge/dipoleformate and is related to the angle
of approach. For example, the quadrupole moment runs perpendicular to the benzene
ring plane. A formate or point charge approaching edge on would have an angle of
approach at 0° in the ring plane but in fact be at 90° to the quadrupole moment. If the
angle of approach is 90°, the formate or point charge is at 0° or 180° to the
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quadrupole moment. The polarizability, α, depends on the angle of approach. α||, for
example, is the polarizability for formate or a point charge approaching at a angle
parallel to the quadrupole moment of benzene (0° or 180° to the quadrupole moment
or 90° above/below the ring plane). The polarizability at this angle of approach is
less effective than what it would be for an edge on approach which is the α⊥ term.
The potential energy from this equation mainly describes the long range interaction
energies between the point charge(s) in space, q, with benzene’s quadrupole moment
and to a lesser extent, the hexadecapole moment.
Use of this equation would allow evaluation of the energy terms. As the point
charge does not possess a dipole moment, the third energy term can be dropped from
equation 4 to simplify the evaluation. Thus the point charges calculations with
benzene represent a simpler model for evaluating the anion-quadrupole effect.
However, between two molecules, such as benzene and formate, the energy terms
become complex. The formate molecule also possesses higher moments, but it is
reasoned that formate's charge would have an overwhelming effect on the higher
energy terms describing the formate molecule. Thus equation 4 can be used when
evaluating the benzene-formate interaction. What is included though, is the dipolequadrupole energy term, which adds to the complexity of the 1/r4 term. In addition,
the charge distribution on formate would not be localized at one point in space.
Therefore, a two-point charge evaluation is also done; for one, to help evaluate the
effect of a dipole moment because two point charges also possess a dipole moment;
and two, to help evaluate the effect of charge, q2, on polarizability for the second part
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of the equation. Equation 4 only represents the major energy terms and angle
dependency factors involved. Thus it is not a complete derivation for the potential
energy of interacting pairs, but a related equation can be used to deconvolute the
energy terms.
Deconvolution of the energy associated with the BF1 pairs and the point
charge(s) with benzene, which describes the distance dependencies of varying
interactions, was done. However, the formula described by Buckingham is complex,
so a simplified formula was chosen to look at the three main long range forces
involved in the interaction energy. All of the terms that would describe the interacting
forces were combined into a coefficient that could be extrapolated from the
calculations. The result was the use of the following formula:
E = A/r3 + B/r4 + C/r5

(5)

where E is the energy and A, B and C are coefficients for each energy term
(electrostatic, induction and the electrostatic effect arising from the hexadecapole
respectively). As coefficients include the angle dependency factor (cos θ), the
deconvolutions of the energies are only done for perpendicular and parallel
approaches to simplify the angle dependency. The distance (r) is either in Angstroms
or Bohr units. For Bohr units the conversion is:
0.529177 Angstrom = 1 Bohr unit

(6)

The center-of-mass of benzene to center-of-charge of formate distance was chosen for
data analysis with the pairs. Alternatively, the distance between the center-of-mass of
benzene to the point charge or the bisector of point charges was chosen.
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Evaluation of ring edge interactions with phenol and indole
Other pairs were evaluated using phenol-formate and indole-formate models.
However, Sybyl6.9 (143) was used to construct the pairs, thus they were not energy
minimized. Here the calculations only looked at the edgewise interaction. These
pairs were visually inspected and positioned. The program Babel was used for file
conversion from an x,y,z format to a z-matrix (144).
A comparative Kitaura-Morokuma analysis
A second independent study was done to perform empirical calculations on
the BF1 pairs. The Kitaura-Morokuma (KM) analysis was done by Robert Beahm in
Hong Guo’s lab on the BF1 pairs for all angles of approach. Deconvolution of energy
is a built-in component in this program and was used to evaluate the anionquadrupole and induction effect at the Hartree-Fock (HF) level of calculations.
The KM analysis is a computational scheme based on the recalculation of the
supermolecule's self-consistent-field (SCF) energy but lacking specific elements of
the Fock and overlap matrices associated to the energy terms (145,146). The
decomposition energy takes the following form for a two-body system:
∆ESCF = ES + PL +EX + CT + MIX + BSSE

(7)

where ES is the electrostatic term, PL is the polarization term, EX is the exchange
repulsion term, CT is the charge transfer term, and the BSSE is the basis set
superposition error method as used for the ab-initio calculations. The MIX term
accounts for the coupling between all terms in equation 7. A more thorough
description of the method and the energy terms in equation 7 can be found in
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Kitaura and Morokuma et al. (146). As this study focuses more on the interaction
forces at longer distances, the KM analysis is limited to those distances for the BF1
pairs where the EX and CT terms are appreciably small or zero. These terms arise
more at closer distances and involve van der Waals overlap of the molecular orbitals.
The ES and PL terms are more pertinent to this study.

Results
The benzene molecule with point charge(s)
Ab-initio calculations were done using Gaussian 98 on gas phase interactions
between benzene with a single point charge and two-point charges. The interaction
energy was calculated at the HF and MP2 level of theory in Gaussian 98 (123,125).
Figure 4 shows the potential energy diagrams for the point charge(s) approaching
edge on and perpendicular to the ring plane. The point charge possesses neither a
nucleus nor electron orbital, thus the energy diagrams continue in a uniform manner
as there are no repulsion energies arising from van der Waals contact or dispersion
effects. Only long range electrostatic and inductions effects are observed.
Deconvolution of the data can reveal the various energy contributions.
Although these forces are complex terms, they can be simplified to coefficients acting
on the distance dependency as given by a form of equation 5 as follows:
E*r3 = A + B/r +C/r2

(8)

where r is the distance in Angstroms (or Bohr units) and the energy (E) is in hartrees
at either the HF or MP2 level of theory. The A coefficient describes the
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Figure 4. Energy diagrams for point charges. The potential energy as a function of
the distance is plotted for a single point charge and two-point charges approaching
edge on ( , for a single point charge of -1 and , for two-point charges of -0.5) and
90° above the ring plane ( , for a single point charge of -1 and , for two-point
charges of -0.5). The interaction energy results from a MP2 level of theory.
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electrostatic (anion-quadrupole) term, the B coefficient describes the induction effect,
and the C coefficient describes the electrostatic effect arising from the hexadecapole
of benzene. The deconvolution of the data for benzene with a single point charge and
with two point charges was done using equation 8. The distance is in Bohr units and
the energy is in hartrees at the MP2 level of theory. Figure 5 shows examples of the
refit of the polynomial for several sets of data consisting of two sets of data on the
single point charge and four sets of data on the two-point charges interacting with
benzene. The coefficients are obtained from fitting of one data set with the single
point charge and one data set with the two-point charges. The data sets that were
chosen are: one, the approach of a single point charge where it would occur at the
bisector of formate's oxygen atoms, and two, the approach of two point charges at the
location of each oxygen atom in formate. Similarly, two data sets were also used for
deconvolution of the data with the perpendicular approach. The coefficients from
these fits are given in Table 1. Recalculation of the energy contribution from the
anion-quadrupole, induction and hexadecapole-charge effects were done and are
plotted in figure 6.
The use of other point charge(s) data sets was done to fulfill our curiosity
concerning any charge repulsion effects. The plot in figure 5 shows that as the
bisector distance decreases for the two point charges, the interaction with benzene
becomes similar to that observed for a single point charge.
The anion-quadrupole term for the edgewise interaction is attractive and has a
distance dependency of 1/r3 as predicted by Burley and Petsko, as well as
Buckingham (110,142). It is the predominant force from 7 to 20 Angstroms. As
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Figure 5. Sample plots of 1/(r) vs. E*(r)3. Panel A and B show the point charge(s)
interaction for an edge on (A) approach and an approach 90° above the ring plane (B).
The energy is calculated at the MP2 level. The distance (r) is between benzene's
center-of-mass and the point charge (or the bisector for two-point charges) and is in
Bohr units. The line is a best fit of the data to equation (7). For the point charges
shown in panel A for edge on approach, there is an overlay of the single point charge
data and four sets of two-point charge data. The sets of two-point charge data show
the effect of the two-point charge bisector distance decreased. In effect, the closer
positioning of the two-point charge behaves similar to a single point charge. As there
is a saturation of data sets, a simple color scheme is presented for the overlay of point
charges in panel A. The single point charge is colored toward the blue/green end of
the spectrum and the two point charges are colored toward the red end of the
spectrum.
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Table 1. Coefficients from the benzene and point charge(s) data fitted to equation 8.
The A coefficient describes the anion-quadrupole effect and the B coefficient, the
induction effect. The C coefficient is the electrostatic effect arising from the
hexadecapole moment of benzene.
A coefficient
B coefficient
C coefficient
Distance range
(Angstroms)
-3.21a
Benzene and
-34.2a
-236a
7-25
single point
-3.70b
-34.3b
-226b
charge
(edgewise)
5.40a
Benzene and
-7.64a
-203a
6-13
b
b
b
single point
6.97
-20.2
-168
charge
(perpendicular)
-3.18a
-37.0a
-136a
7-25
Benzene and
b
b
b
-3.60
-36.0
-128
two-point
charge
(edgewise)
5.80a
Benzene and
-24.0a
-92.9a
6-13
b
b
b
7.14
-29.5
-121
two-point
charge
(perpendicular)
a
ab-initio calculations at the MP2 level
b
ab-initio calculations at the HF level
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-0.0020
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0.001
0.000
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-0.002

Figure 6. Energy contributions for the interaction between benzene and a point
charge(s). The panels show the interaction for a single point charge and two-point
charges approaching benzene edge on (top) and perpendicular to the ring plane
(bottom). The data points are colored as follows: for the single point charge, magenta
(edge on approach) and green (perpendicular approach); and for the two-point
charges, cyan (edge on approach) and red (perpendicular). The symbols represent the
energy contributions and are as follows: the anion-quadrupole energy contributions
from the A coefficient, circles; the induction effect from the B coefficient, squares;
and the hexadecapole-charge from the C coefficient, triangles.
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the point charge approaches the ring edge, the influence of the negative charge
becomes stronger on the π electron cloud of benzene. As a result, the induction effect
is predominant at distances less than 6 Angstroms. For the perpendicular approach,
the anion-quadrupole effect is repulsive while the induction effect is attractive.
Calculations involving the two-point charge and benzene pair showed similar
results. This pair was chosen as equation 4 shows that the charge has more influence,
(q2), on the induction effect. Deconvolution of the energy for two-point charge data
gave similar coefficient values for anion-quadrupole effects as for the single point
charge, but different values for the induction effects as predicted by equation 4 (Table
1). At closer distances to the ring edge (~6-7 Angstroms), the effect of the charge
repulsion arising from the pair of point charges is observed to have a greater effect on
the induction term while the magnitude of attractive force from the anion-quadrupole
effect is similar (figure 6). This is particularly noticeable in the 90° data.
The reason for the observed effects on the induction energy term for the twopoint charges is not only explained by the q2 term for the induction effect but also
because of their dipole moment. A single point charge does not have a dipole
moment. Induction effects vary for the two-point charges because of two the angle of
approach on the polarizability of the benzene π electron cloud orbital. For an edge on
approach, the induction effect is similar for a single charge and two point charges
with benzene since it is easier to polarize in the plane of the benzene ring. For a
perpendicular approach, there is a greater magnitude on the induction effect from a
two-point charge pair. What is predominantly observed then is the effect of charge.
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In addition to evaluating the energy contribution, it is useful to evaluate the
coefficients as well. With the single point charge data, a ratio of -1.9 at the HF level
can be calculated for the A coefficient, which is the first term in equation 4, for
parallel (0º) and perpendicular (90º) orientations of interacting molecules for the
anion-quadrupole effect (142). This ratio is close to that expected (-2.0) from
substituting 0º and 90º into the first term of equation 4. Also, the ratio calculated for
the B coefficient, which is the second term, is 1.7 for the induction effect. This is the
same ratio as that observed for the first order polarizability of a cation-π pair with
benzene (145). For the two-point charges, the calculated ratio for the A coefficient is
-1.98, in close agreement with the single point charge data, but the ratio for the
induction effect, B coefficient, is different (1.22). This difference may be the effect
of q2 and the resulting charge distribution. The self-repulsion energy may also have
an effect on polarizability.
The benzene-formate interacting pairs model
Ab-initio calculations were done using Gaussian 98 on gas phase interactions
between benzene-formate pairs. Figure 7 shows the energy diagram for the
interaction energy as the formate molecule approaches the ring edge. This orientation
of formate and benzene has all atoms lying in the ring plane (figure 1). Of the four
different planar orientations of the pairs, the BF1 pair was calculated to form the
strongest, favorable anion-quadrupole interaction at –9.6 kcal/mol.
The energy minima in figure 7 are different for each interacting pair. This
arises because of the different orientations of atoms which varies the
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Figure 7. Energy diagrams for benzene-formate pairs. The pairs are numbered
according to the orientation of each molecule as shown in figure 1. The interaction
energy results from a MP2 level of theory and is expressed in kcal/mol. The upper
diagram shows the interaction energy between the center-of-mass of benzene and the
center-of-charge of formate. The lower diagram shows the same interaction but using
the distance between their closest atom pairs. Interacting pairs are BF1 ( ), BF2
( ), BF3 ( ) and BF4 ( ).
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center-of-mass to center-of-charge distances. For example in the BF3 and BF4 pairs,
one of formate’s oxygen atoms is closer to the ring edge. This gives rise to the skew
of the energy minima for the most part. When the van der Waals contact distances
between the closest sets of atoms are plotted, the energy minima converge.
The BF1 pair was chosen for calculations at various angles above the ring plane.
Figure 8 shows the energy diagram comparing the interaction energy as the formate
molecule approaches the center-of-mass point in benzene at angles of 0º, 30º, 60º and
90º above the ring plane. The interaction energy is angle dependent as predicted by
equation 4. The energy minima is also reduced and skewed as the angle of approach
increases. The reduced energy minima results from a decreased favorable interaction
between the anion and the quadrupole. At 90º above the ring plane, the anionquadrupole effect is repulsive. Again, the skewing of the energy minima primarily
arises from monitoring the center-of-mass to center-of-charge distance rather than a
van der Waals contact distance. At the MP2 level of theory, an energy minimum is
still observed for the perpendicular approach because of the favorable induction effect
on the π electron cloud. Thus the interaction energy consists of more than one
component that can be evaluated by a deconvolution of the data.
A deconvolution of the energy terms was done for the BF1 pair. Figure 9
shows examples of the refit of the polynomial, using Maple 9, to obtain the
coefficients. Coefficients for the BF1 pairs for edgewise and perpendicular
approaches are given in Table 2. These coefficients were then used for recalculating
the contribution of energy from each primary term and are plotted in figure 10.
Similar to the point charge evaluation, the anion-quadrupole energy contribution
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Figure 8. Energy diagram for BF1 pairs at various angles of approach. The
interaction energy results from a MP2 level of theory and is expressed in kcal/mol.
The diagram shows the interaction energy between the center-of-mass of benzene and
the center-of-charge of formate. The angle of interaction is either at 0° ( ), 30°
above the ring plane, ( ), 60° above ( ) or 90° above ( ) as illustrated in figure
1.
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Figure 9. Sample plots of 1/(r) vs. E*(r)3 for BF1 pairs. Panels A and B show the
data for the BF1 pairs for an edge on approach (A) and an approach 90° above the
ring plane (B). The energy is calculated at the MP2 level. The distance (r) is in
Angstroms and is between benzene's center-of-mass and formate's center-of-charge.
The line is a best fit of the data to equation (7).
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Table 2. Coefficients from the BF1 pair data fitted to equation 8. The A coefficient
describes the anion-quadrupole effect and the B coefficient, the induced-dipole effect
as well as the dipole-quadrupole effect. The C coefficient describes the electrostatic
effect arising from the hexadecapole moment of benzene.
A coefficient
B coefficient
C coefficient
Distance range
Angstroms
BF1 pair
-242a
-2060a
-6660a
6.9-12.4
b
b
b
(edgewise)
-334
-1880
-3980
-363c
-1930c
6.9-12.4
na
BF1 pair
608a
-1930a
b
(perpendicular) 712
-2170b
c
529
-583c
a
ab-initio calculation at the MP2 level
b
ab-initio calculation at the HF level
c
Kitaura-Morokuma analysis
na not available

-1640a
-217b
na

5.9-12.9
7.6-10.4
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Figure 10. Deconvolution of the energy contribution for the interaction between
benzene and formate. The panels show the interaction for a formate molecule
approaching edge on (top) and 90° above the ring plane (bottom) as illustrated in
figure 1. The energy contributions are represented as follows: the anion-quadrupole
energy contribution, which comes from the A coefficient, ; the induction effect,
which comes from the B coefficient, ; and the charge-hexadecapole energy
contribution, which comes from the C coefficient, . The induction effect arises
from interactions with benzene's π electron cloud. Because formate also possesses a
dipole moment, the dipole-quadrupole energy is mixed with the induction effect and
is included in the B coefficient. However, its influence would be less for an edge on
approach than for a perpendicular approach because of the polarizability factor.
146

is the dominant force in the range of 7 to 12 Angstroms and is likely to be dominant
at further distances as observed with the point charge calculations. However, a
deconvolution of the data at greater distances results in an artifact of the energy
calculation because of the limitation on the number of significant digits associated
with the energy calculations. As the formate molecule approaches the ring edge, the
negative charge influences the π electron cloud of benzene. As such, the induction
effect is the dominant force at closer distances to the ring edge. At about 6 to 7
Angstroms, the magnitude of the anion-quadrupole and induction effect is similar.
Again, for the perpendicular approach shown in figure 10, the anion-quadrupole
interaction is repulsive while the induction effect is attractive.
The A coefficient ratio for the BF1 pairs is similar for the anion-quadrupole
effect as compared with the point charge evaluations. A ratio of -2.1 was obtained at
the HF level of theory. However, the ratio of the B coefficient was calculated at 1.15.
This is closer to the ratio calculated for the two-point charges and benzene pair.
Formate's dipole moment and charge distribution likely have effects on the
polarizability factor of benzene's π electron cloud.
Kitaura-Morokuma analysis
The Kitaura-Morokuma (KM) analysis was done by Robert Beahm (BCMB
Dept., Hong Guo's lab) using Games where the BF1 pairs were reevaluated for their
interaction energy. KM analysis was done for all the BF1 pairs and angles of
approach. The coefficients in Table 1 from the Morokuma analysis arise from the
regression fit of data in the charts shown in figure 11. Table 3 shows the
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B

C

D

Figure 11. Sample plots from the KM analysis on energy decomposition. The
coefficients that are given in Table 1 are obtained from the fit of the data. Panel A
and B show the decomposition of the electrostatic and polarization terms respectively
for the edge on approach, panels C and D for the perpendicular approach. The
electrostatic (ES) and polarization (PL) terms correlate to the anion-quadrupole and
induction terms in the deconvolution of the ab-initio calculation data. The distance
(r) is in Angstroms.
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Table 3. Correlation of energies for the Gaussian 98 and Kitaura-Morokuma
calculations. The total energy (Etotal) of the system (or ∆E from Kitaura-Morokuma)
is comprised of the deconvoluted energies arising from the anion-quadrupole (or
electrostatic, ES) and induction (or polarization, PL) effects. These are listed for BF1
pairs for edge on and perpendicular (90°) orientations. The energies are calculated at
the HF level and are given as kcal/mol.
Calculation method at the HF

Gaussian 98

Kituara-Morokuma

level
Distance

BF1 pairs
edge on

BF1 pairs
perpendicular

Etotal

anion-

induction

∆E

ES

PL

(Angstroms)
6.9
7.4
7.9
8.4
8.9
9.4
9.9
10.4
10.9
11.4
11.9
12.4
12.9

-2.1026
-1.6322
-1.2903
-1.0366
-0.8451
-0.6978
-0.5826
-0.4912
-0.4177
-0.3580
-0.3091
-0.2685
-0.2347

quadrupole
-1.0163
-0.8239
-0.6772
-0.5633
-0.4736
-0.4020
-0.3441
-0.2968
-0.2578
-0.2254
-0.1982
-0.1751
-0.1555

effect
-0.8290
-0.6266
-0.4824
-0.3774
-0.2995
-0.2407
-0.1956
-0.1606
-0.1331
-0.1113
-0.0937
-0.0790
-0.0679

-1.9860
-1.5211
-1.2048
-0.9720
-0.7957
-0.6589
-0.5516
-0.4669
-0.3978
-0.3420
-0.2962
-0.2579
-0.2259

-1.0975
-0.8810
-0.7191
-0.5949
-0.4976
-0.4204
-0.3589
-0.3087
-0.2673
-0.2334
-0.2046
-0.1807
-0.1600

-0.8490
-0.6356
-0.4857
-0.3777
-0.2981
-0.2384
-0.1926
-0.1581
-0.1305
-0.1086
-0.0910
-0.0772
-0.0659

7.6
7.9
8.15
8.4
8.6
8.9
9.15
9.4
9.6
9.9
10.15
10.4

0.9457
0.8777
0.8156
0.7589
0.7070
0.6594
0.6158
0.5758
0.5391
0.5052
0.4741
0.4454

1.5893
1.4432
1.3144
1.2006
1.0994
1.0094
0.9289
0.8567
0.7919
0.7334
0.6805
0.6326

-0.6331
-0.5566
-0.4914
-0.4355
-0.3873
-0.3456
-0.30934
-0.2777
-0.2501
-0.2258
-0.2043
-0.1854

1.0749
0.9921
0.9174
0.8496
0.7881
0.7323
0.6815
0.6350
0.5924
0.5541
0.5183
0.4857

1.2487
1.1458
1.0542
0.9714
0.8967
0.8296
0.7693
0.7141
0.6640
0.6187
0.5767
0.5390

-0.1738
-0.1537
-0.1368
-0.1217
-0.1086
-0.0973
-0.0878
-0.0791
-0.0715
-0.0646
-0.0590
-0.0533
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comparison of energies from the KM analysis and Gaussian 98 calculations after
deconvolution of the energies. The range of data that was analyzed by the KM
method was inspected. Distances between pairs having charge-transfer terms and
energy exchange terms (or having appreciably small values) were not included in the
data analysis for the coefficient values. The decomposition of the energy terms by
KM for the electrostatic energies and polarization energies are similar as for the abinitio calculations (Table 2) for the edge on approach. However, for the
perpendicular approach, the correlation is different, particularly comparing the B
coefficient values. One possibility is that the KM method may pull out the dipolequadrupole interaction energy and combine it with the electrostatic term while for the
ab-initio calculations the 1/r4 term remains a combined induction and dipolequadrupole effect.
On other models
The benzene ring provides the simplest model for aromatic systems, but in
proteins, other aromatic residues exist. Therefore, other aromatic rings were
evaluated with formate for an edgewise interaction. The phenol-formate and indoleformate pairs were examined. However, Sybyl was used to construct the molecules
and only a limited set of ab-initio calculations were done. The energy contributions
are expected to be more complex due to the presence of dipole-charge interactions
(1/r2 distance dependency). Table 4 shows the results of the interaction energy for
some of the edgewise pairing of formate around the aromatic ring structure (figure
12). Stronger and more favorable interaction energies are observed particularly
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Table 4. Calculated energies for phenol-formate and indoleformate pairs. Corresponding orientations for the pairs are given
in figure 12.
Phenol-formate MP2 energy Indole-formate
MP2 energy
pair

(kcal/mol)

pair

(kcal/mol)

PF1

-18.96

IF1

-7.65

PF2

-13.15

IF2

-6.91

PF3

-9.8

IF3

-7.41

PF4

-9.16

IF4

-10.0

PF5

-8.56

IF5

-20.9

PF6

+1.26

IF6

-21.0

IF7

-10.1
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Figure 12. Phenol-formate and indole-formate pairs evaluated for ab-initio
calculations. All atoms lie in the plane of the ring. The distance for each pair is
varied depending on the van der Waals contact radii near the OH group of the phenol
ring and nitrogen atom of the indole ring. This is not surprising as these groups
possess a dipole moment. Thus, a charge-dipole interaction likely occurs which may
be stronger than the anion-quadrupole effect.
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Conclusions
The cation-π interaction that has been investigated by Dougherty’s group has
led to the question of whether edgewise interactions can exist between aromatic rings
and anions. The anion-quadrupole effect would thus be a possible explanation for the
nonrandom distribution of carboxylate groups about aromatic residues, which prefer a
ring edge orientation. Calculations were done to evaluate the anion-quadrupole effect
in benzene-formate pairs and also for benzene and point charge(s) as a reference. In
addition, KM correlation studies were done to compare with the ab-initio calculations
for BF1 pairs. The results of the calculations provide a theoretical basis for the anionquadrupole effect.
A clear anion-quadrupole effect based on reference calculations
The use of a point charge(s) provided a controlled environment for the effect
of a negative charge approaching the ring edge of benzene. This way only induction
and other close range correlation effects upon the π electron cloud are observed.
These forces can be significant because in this manner the anion-quadrupole effect,
which is the stronger force of attraction resulting from the quadrupole moment of
benzene, was deconvoluted and shown to be of greater magnitude than the induction
effect over larger separations of the pairs. When the benzene interaction with the pair
of point charges was compared to the single point charge data, the electrostatic effect
becomes clear because at further distances the two-point charges behaved similarly to
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a single point charge. More importantly, the similar ratios of coefficients, from
deconvolution of the energy between the point charge(s) data and the BF1 pairs data,
showed a consistency in the calculations for the anion-quadrupole effect.
Consistency for the anion-quadrupole effect with the benzene-formate pairs
An anion-quadrupole effect is observed for the benzene-formate pairs. It is an
attractive electrostatic force for an edge on orientation that is angle dependent. The
angle dependency for the interaction is consistent with the observed preferential
pairing of carboxylate groups around aromatic ring edges in database surveys. In
addition to a favorable electrostatic component, the interaction energy also involved
favorable and comparable induction effects. The calculated interaction energy of -9.6
kcal/mol can be compared to some of the weaker cation-π interaction energies with
organic cations such as with N(CH3)4+ with benzene having an interaction energy
calculated in the gas phase at -9 kcal/mol (145,147). However, the cation-π has been
shown to be generally a stronger interaction (111). Nonetheless, ligand binding and
protein folding mechanisms involve a number of weak electrostatic type of
interactions such as hydrogen bonding and dipole-dipole forces (110). The anionquadrupole effect may occur in conjunction with other interactions resulting in tightly
bound complexes. Thus, the anion-quadrupole interaction could be important for
protein folding but may be less effective for forming interactions near or at the
surface. Solvation effects are likely to diminish the effective strength of the anionquadrupole interaction.
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Consistency with another calculation method
Correlation studies are consistent for an anion-quadrupole effect at least at the
HF level of theory. The Kitaura-Morokuma analysis can be used as a faster
approximation of the energies for interacting pairs. The decomposition of the energy
terms are consistent at least for edge on interactions. This would then be useful for
surveying the interaction energy and anion-quadrupole effect in protein databases.
Important role for the electrostatic and induction energies in anion-quadrupole
interactions
Electrostatics play a large role for the cation-π interaction especially with the
cationic alkali series (111). The results of this study also show a larger role of the
electrostatics for anion-quadrupole interactions but not as large as with cation-π
interactions. Using different methods of calculations on the anion-quadrupole energy
for interacting benzene-format pairs provided a consistent set of results. The anionquadrupole interaction is an attractive electrostatic type of interaction that is coupled
with induction effects for an edge on approach. The induction helps potentiate the
electrostatics as the electrons can polarize throughout the ring. This is an advantage
for the anion-quadrupole effect in contrast to the cation-π effect because of the
orientation. Polarization effects that occur perpendicular to the quadrupole moment
of benzene (edge on approach) are greater. Thus, the side chains of Asp and Glu can
interact with the aromatic ring edge more effectively, especially at closer distances
and planar angles where both π electron clouds, above and below the ring plane, are
polarized.
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For the cation-π interaction, there is a large contribution from the electrostatic
effect, which can be 2X to 10X greater in energy than the induction effect (145). For
the anion-quadrupole interaction, the electrostatic energy contribution is only 2X
greater in energy for the ring edge interaction. This occurs at distances further away
from the ring edge with the electrostatic energy less than 0.3 kcal/mol. Approaching
the van der Waals contact distance, the nearest oxygen atom off Glu or Asp would
experience both the anion-quadrupole and induction effects (2.5 to 3 Angstroms from
the ring edge or 4.5 to 5 Angstroms from benzene's center-of-mass) equally.
However, at distances of 3 to 5 Angstroms from the ring edge the oxygen atom would
experience more of the electrostatic effect where the total interaction energy is
between -7 and -3 kcal/mol.
The results of the calculations correlate well between the model of benzene
and formate interactions, controls that evaluate the effect of a negative charge on the
π electron cloud, and a faster, computational method. The KM analysis also gives
consistent deconvolutions of the energy contribution. Electrostatics are also shown to
be important and play a larger role than induction effects. This method thus can be
used more effectively and efficiently for database surveys on calculating the anionquadrupole energy.
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